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Abstract
Many species of arthropod are infected by matrilineally inherited bacteria. One of these 
bacteria, Wolbachia, has received much attention because it is common and also has a 
variety of interactions with its host. Wolbachia may therefore be an important driver of 
host evolution and ecology. However, the dynamics of Wolbachia-host interactions are 
poorly understood, except in theoretical terms.
In this thesis, I demonstrate that the presence of a male-killing strain of Wolbachia in the 
butterfly Hypolimnas bolina has selected for a host modifier that suppresses the male- 
killing action in Southeast Asian populations. I further demonstrate that suppression of 
male-killing reveals the Wolbachia to have a second phenotype, namely induction of 
cytoplasmic incompatibility. This new phenotype explains the persistence of the infection 
following the evolution of male-killer suppression. Mathematical simulations of the 
dynamics of suppression indicate that novel suppressors spread rapidly - agreeing with 
historical data that suggest the presence of male-killing in Southeast Asia in the recent 
past. Ancient H. bolina DNA is utilised to gain further information about historical 
processes in this system. Flux in the Wolbachia-H. bolina interaction is demonstrated -  
with the infection rising and falling in prevalence in different host populations. A search 
for a third phenotype, a direct benefit, provides no clear evidence of the existence of such 
an effect in this system.
The thesis concludes with a general discussion in which it is argued that Wolbachia-host 
interactions may be more dynamic than previously recognised, with strong selection 
driving the spread of new mutations through the host population, modifying the phenotype 
produced by the bacterium. The system has in the past experienced high sex ratio bias due 
to the presence of male-killing Wolbachia, with concomitant effects on host ecology. My 
thesis predicts this phenotype will become largely lost in the next 100 years from this 
species.
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Chapter one: Introduction
1.1 Cytoplasmic inheritance
1.1.1 A history of cytoplasmic inheritance and inherited bacteria
In the early 1900s Correns’ work on variegation in the four-o’clock plant Mirabilis 
Jalapa albomaculata demonstrated the first genetic evidence of cytoplasmic inheritance. 
When ovaries from a flower situated on a solely green-leafed branch were fertilised by 
pollen from a white-leafed branch, the plants produced had green leaves. If the situation 
was reversed the plant produced had white leaves. This was recognised as maternal 
inheritance of the colour producing bodies -  chlorophyll (Morgan, 1919). By 1919 
cytoplasmic inheritance had begun to be accepted in the scientific community, appearing 
in textbooks such as Thomas Hunt Morgan’s The physical basis o f heredity (Morgan, 
1919). Morgan refers to Correns’s work, recognising that there is...
‘...genetic evidence to show that certain forms o f inheritance are the outcome 
o f self-perpetuating bodies in the cytoplasm... '
Although at this time such cytoplasmic entities were considered rarities and not 
particularly important:
‘ That there may be substances in the cytoplasm that propagate themselves there 
and that are outside the influence o f the nucleus, must, o f course, be at once 
conceded as possible despite the fact that, aside from certain plastids, all the 
Mendelian evidence fails to show that there are such characters. ’
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Contradicting this assumption that cytoplasmic bodies were rarities, further examples of 
cytoplasmically inherited traits and the factors that caused them increasingly appeared as 
the 20th century progressed. An early case was discovered when incompatibility 
between certain strains of the mosquito Culex pipiens in the 1950s was observed (Laven, 
1957). Males from one geographic area produced no or few offspring when mated with 
females from another geographic area. This phenomenon was maternally inherited and 
hence became known as cytoplasmic incompatibility (Cl). Later in 1971, Rickettsia-like 
bacteria were discovered in the reproductive organs of Cl-affected mosquitoes following 
the advent of electron microscopy. These bacteria were identified as belonging to the 
genus Wolbachia which had earlier been described in Culex pipiens in 1936 by Hertig 
(Yen & Barr, 1971; Hertig, 1936). Administration of antibiotics and heat treatment 
confirmed that the causal agent of Cl in this species was indeed an inherited bacterium 
(Yen & Barr, 1973), and since 1957 many more insect species have been found to be 
infected with Cl-inducing cytoplasmic bacteria (see Chapter three for examples).
Even earlier than the discovery of Cl, studies of Lepidoptera had revealed the presence 
of maternally inherited all-female broods among bred stock. Lambom observed in 
Acraea encedon between 1910 and 1912, and Simmonds noticed in Hypolimnas bolina 
in the 1920s, that a proportion of wild female butterflies gave only female offspring 
(Poulton, 1914; Poulton, 1923a; Poulton, 1926). The all-female trait in H. bolina later 
received the attention of Clarke et al. in the 1970s who attributed the trait to the male- 
killing action of maternally inherited characters (Clarke et al., 1975). Male-killing 
occurs where inherited bacteria selectively kill male host embryos in order to release
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resources or provide some other advantage to infected female siblings relative to 
uninfected females in the population (male-killing is discussed further in section 1.2.1). 
It was not until 2002 that the causal factor was identified to be Wolbachia (Dyson et al, 
2002).
Both male-killing and Cl have been demonstrated to be caused by more than one 
inherited bacterium. In 1961 studies of neotropical Drosophila willistoni demonstrated 
that the male-killing trait observed was caused by the presence of a ‘sex ratio organism’ 
in the cytoplasm (Sakaguchi & Poulson, 1961). Evidence that this organism was a 
bacterium was gathered when the organism could be transferred interspecifically by 
microinjection of the hemolymph from D. willistoni to a second Drosophila species, D. 
melanogaster (Sakaguchi & Poulson, 1963). This male-killer was later identified as the 
bacterium Spiroplasmapoulsonii (Williamson et a l, 1999).
The 1960s also saw the discovery in certain insect groups: cockroaches (order Blattaria); 
leafhoppers, aphids etc (order Homoptera) and weevils (family Curculionidae), of cells 
which harboured rod-shaped bacterial symbionts. These cells were originally named 
‘Blochmann bodies’ in honour of their discoverer F. Blochmann (Lanham, 1968) but are 
today referred to as mycetocytes. These cells sometimes assemble into an organ termed 
the mycetome (Buchner, 1965). In the best studied mycetome symbiosis, that of aphids, 
the mycetomes were found to harbour primary symbionts from the clade Buchnera 
(Munson et a l, 1991). These bacteria were discovered to be able to synthesise and
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secrete into the host, amino acids necessary for aphid survival. Thus, Buchnera acts as a 
beneficial symbiont (see section 1.1.4.1).
By 1980 many other cytoplasmically inherited traits had been attributed to intracellular 
bacteria including the sex ratio distorting effects of feminisation and parthenogenesis 
(described in section 1.1.4). However, despite growing evidence, inherited bacteria 
were still considered relatively rare and unimportant in host evolution. This was set to 
change when a new way of understanding the evolution in the genome emerged: that of 
intragenomic conflict.
1.1.2 Intragenomic conflict
The historical view of the genome is that of a coordinated and harmonious network 
which works together to produce a viable organism. The current view recognises the 
genome as also being composed of many elements (often termed selfish genetic 
elements) which self-promote even at the expense of other elements in order to gain a 
transmission advantage relative to the rest of the genome (Hurst & Werren, 2001). The 
concept that selection operates at the level of the gene rather than the organism, and that 
selection may act in different directions on different parts of the genome was 
popularised in the 1970s (Dawkins, 1976). A seminal work describing the relationship 
between different elements in the genome as intragenomic conflict was introduced by 
Cosmides and Tooby in 1981 (Cosmides & Tooby, 1981).
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One part of the genome theorised to be particularly important in driving this conflict are 
elements that occur within the cytoplasm. Due to the cytoplasmic and hence maternal 
inheritance of these elements they become subject to selection pressures that conflict 
with those of elements that are inherited through both sexes (Cosmides & Tooby, 1981). 
Thus it became understood that cytoplasmically inherited bacteria, which are maternally 
transmitted through the egg cytoplasm, are in conflict with the Mendelian host 
autosomal genes which are inherited through both sexes. This conflict between 
cytoplasmic and nuclear genes is now widely accepted in evolutionary biology and 
thought to not only be an interesting example of natural selection at work, but potentially 
a driving force behind the evolution of many genetic systems (Hurst et al., 1992a).
Generally, where transmission is solely vertical, the reproductive fitness of an inherited 
bacterium is tightly linked with that of its host, and as such there is selection on the 
bacterium to reduce virulence (reducing energetic demands upon the host) or even to 
provide some benefit or contribution to the host. Mutualistic associations such as the 
zphid-Buchnera symbiosis (Buchner, 1965; Douglas, 2003) evolve when the infection 
also indirectly benefits male hosts, making the symbiosis in the interest of both the 
bacteria and host nuclear genes. When this indirect benefit to males does not exist 
conflict arises.
Male hosts cannot vertically transmit inherited bacteria to their progeny and are thus an 
evolutionary ‘dead end’ with respect to the bacteria. As a consequence the fitness of the 
symbiont is therefore really only linked with that of the transmitting sex -  the female.
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Any increase in fitness of infected females relative to uninfected females in the host 
population will therefore increase the fitness of the bacteria and thus drive the infection 
through the host population. However, increasing the relative fitness of the infected 
female host may result in parasitic effects upon males or uninfected females in the 
population, and so it is possible to get an association where the symbiont acts both 
beneficially towards the female host and parasitically towards the male host or 
uninfected females in the population (Werren & O'Neill, 1997).
Due to differing modes of transmission, cytoplasmic bacteria and host nuclear genes 
differ in their optimal sex ratio. Fisher’s principle states that a 1:1 sex ratio is the 
evolutionary stable sex ratio (Fisher, 1930). Deviation from this ratio results in the rarer 
sex having greater fitness than the common sex as it can produce more offspring. A 
modifier that restores production of the rare sex will thus be selected for. As a 1:1 sex 
ratio approaches, the selection pressure reduces until finally a 1:1 sex ratio is restored. 
However this only relates to nuclear genes which are under Mendelian inheritance. 
Cytoplasmic genes favour a female-biased sex ratio and hence sex ratio distorting 
bacteria induce strong selection pressure in the host to restore the sex ratio back to unity.
The maternal inheritance of intracellular bacteria therefore underlies the wide variety of 
reproductive manipulations observed in arthropods. These manipulations either reduce 
the viability of the offspring produced by uninfected females when mated to infected 
males (e.g. Cl) or involve distortion of the host sex ratio towards females (e.g. male- 
killing, feminisation of genetic males or the induction of parthenogenesis). Both
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increase the transmission of the bacteria and conflict with the interests of the host 
nuclear genes.
1.1.3 Globally common
As mentioned, until the 1980s inherited bacteria and their associated phenotypes were 
considered interesting but rare, and hence merely curiosities. A recent advance in 
molecular biology -  the advent of PCR assays -  has allowed bacterial infections to now 
be detected easily and as a consequence inherited bacteria are no longer thought a rarity. 
To the contrary, estimates of between 16-30% of insects are thought to be infected with 
one particularly well-studied genus of bacteria Wolbachia (Werren et a l, 1995a; Werren 
& Windsor, 2000). This may even be an underestimate as low prevalence infections are 
unlikely to be detected when sampling few individuals from each species (Jiggins et al., 
2001). Wolbachia are particularly interesting as they infect a wide range of taxa - they 
are common in insects, infect other arthropod groups including crustaceans (e.g. 
Bouchon et al., 1998), arachnids (e.g. Goodacre et al., 2006) and mites (e.g. Breeuwer, 
1997), and have even been found to infect filarial nematodes (e.g. Langworthy et al., 
2000). Other intracellular bacteria are now also demonstrated to be common and as 
investigations continue it is likely that the number of host species affected will increase.
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1.1.4 The evolutionary impact of inherited bacteria upon the host
The contemporary view of the genome as a place of conflict between Mendelian nuclear 
genes and cytoplasmic entities, alongside the growing evidence that cytoplasmic bacteria 
are not the rarities previously thought, provides substantial support for the proposal that 
inherited bacteria are likely to be important factors in the evolution of the host.
Evidence is indeed growing - the following sections illustrate where an inherited 
symbiont has dramatically altered the evolution of its host.
1.1.4.1 Obligate symbioses
As mentioned previously, there is a widely held view that symbionts should evolve 
towards mutualism and reduce any virulent effects due to the link between the fitness of 
the host and symbiont. In some cases an obligate symbiosis evolves where both parties 
depend on the other for survival. Such an intimate association can be seen in the aphid- 
Buchnera symbiosis where Buchnera syntheses essential amino acids and releases them 
for use by the aphid host. The role of Buchnera in aphid metabolism is required for 
survival of the aphid as aphid diet consists of nutritionally poor phloem sap (Douglas, 
1993). Although this relationship has been recognised for many years it was only 
recently realised that this association has lasted for an evolutionary significant time and 
thus is likely to have had a considerable impact upon the evolution of the host. The 
aphid -Buchnera symbiosis is possibly more than 200 million years old (Moran et al., 
1993) suggesting that inherited bacteria can behave like any other organelle present in a 
cell.
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1.1.4.2 Host traits coded for by the symbiont
The primary symbiont Buchnera is not the only bacterium infecting aphids. Many 
aphids also harbour secondary symbionts which, although not essential for survival, are 
beneficial to the host. Some of these secondary symbionts have been found to code for 
certain traits originally assumed to be determined by the host. This was only recently 
discovered and again challenges the view that organisms are self sufficient. For 
example, the symbionts Hamiltonella defensa and Serratia symbiotica infect the pea 
aphid, Acyrthosiphon pisum, which is naturally parasitized by the parasitoid wasp, 
Aphidius ervi. In A. pisum the symbionts confer a level of parasitoid resistance by 
killing parasitoid larvae (Oliver et al., 2003; Oliver et al., 2005; Oliver et al., 2006). 
Secondary symbionts have also been demonstrated to code for fungal resistance (Ferrari 
et al., 2004) and even host plant specialisation (Leonardo & Muiru, 2003; Tsuchida et 
al., 2004).
1.1.4.3 Speciation
The above examples demonstrate that beneficial symbionts can influence the evolution 
of the host. The role of selfish genetic elements in driving host evolution, particularly 
speciation, is being increasingly investigated. Cl-inducing Wolbachia have the potential 
to instigate speciation in the host as it promotes reproductive isolation between different 
host populations. Divergence between the populations can thus ensue and speciation 
may occur. A recent study demonstrates such reproductive isolation between species. 
Drosophila recens is infected with Cl-inducing Wolbachia. In Canadian populations the 
geographical range of D. recens overlaps with another species, Drosophila subquinaria,
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which is uninfected. Matings between female D. subquinaria and male D. recens were 
found to result in high levels of Cl and offspring mortality while the reverse mating was 
viable. Consistent with this unidirectional Cl, female D. subquinaria in sympatry with
D. recens were found to exhibit much stronger levels of discrimination against male D. 
recens than females in allopatry with D. recens. In contrast, this pattern of 
discrimination is not evident in female D. recens. This system therefore also displays 
asymmetrical reinforcement (Jaenike et al., 2006).
Bidirectional Cl (Bi-CI) may be a particularly strong force involved in speciation. Bi-CI 
occurs when there is incompatibility between two different infected populations of the 
host in both directions. Infected males from one population are incompatible with 
infected females from a second population in addition to uninfected females from both 
populations, and vice versa. Studies of parasitic wasps demonstrate that speciation can 
indeed occur under such influences. Two closely related species, Nasonia giraulti and 
Nasonia longicomis are infected with Cl-inducing Wolbachia and high levels of 
bidirectional Cl occurs between the two. When individuals from these two species were 
cured with antibiotics and then mated, viable hybrid offspring were produced. This 
indicates that Bi-CI preceded the evolution of other post-mating reproductive barriers 
(Bordenstein et a l, 2001).
1.1.4.4 Host behaviour
A bias in the host population sex ratio can have repercussions on the host mating system. 
The general insect mating system is one of male-male sexual competition and female
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choosiness. As the sex ratio becomes more female biased the situation moves away 
from one where the female is choosy to where females compete for males as males 
become rarer. Males then become choosy where potentially there could be selection for 
males to choose uninfected females (depending on whether they have the ability to 
detect infection status). Highly female-biased host populations can occur when there is 
high prevalence of a male-killing bacterium. Sex-role reversal has been observed in the 
African butterfly Acreaea encedon where a male-killing Wolbachia infects over 90% of 
females in the population. In this system many females in infected populations go 
unmated suggesting that males are a limiting factor of reproductive success. Virgin 
females are observed to form lekking swarms on hill tops and display mate soliciting 
behaviour. The role reversal is supported by the finding that mated females leave the lek 
(Jiggins et al., 2000b).
1,1.4.5 Parthenogenesis induction
Sex determination in Hymenoptera is normally by haplodiploidy, where males develop 
from unfertilised haploid eggs and females from fertilised diploid eggs. However, in 
some species sex determination occurs by thelytokous parthenogenesis where 
unfertilised eggs develop as females. In the 1990s it was noticed that the administration 
of antibiotics to wasps from the genus Trichogramma (whose normal mode is 
thelytokous parthenogenesis) reverted them back to haplodiploidy (Stouthamer et al., 
1990). This indicated the involvement of microorganisms in the mechanism of 
parthenogenesis and indeed parthenogenesis was subsequently shown to be associated 
with Wolbachia infections which double the number of chromosomes of unfertilised
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eggs, restoring diploidy and producing females instead of males (Stouthamer et al.,
1993; Stouthamer & Kazmer, 1994).
Parthenogenesis-inducing infections are often fixed in the host population thus 
converting a sexual species into an asexual one. Sexuality has been lost from some 
species -  treatment with antibiotics restores the production of males but these males are 
often not functional (Zchori-Fein et a l, 1992). The host species therefore completely 
depends upon the presence of the parthenogenesis inducing bacteria for reproduction - 
uninfected populations go extinct through failure of sexual reproduction. Polymorphism 
of the infection in some host populations does occur however and is thought to be 
maintained by the host resisting the bacterium (Stouthamer et a l, 2001).
1.1.4.6 Sex determination
Sex determination mechanisms are extremely diverse among arthropods and one 
possible explanation for this diversity is the conflict between cytoplasmic sex ratio 
distorters and nuclear genes. Parthenogenesis induction is one example of how 
cytoplasmic bacteria can influence the sex determination of the host. Male-killing 
bacteria may also have a role in the evolution of host sex determination systems.
Because males are killed during embryogenesis it is possible that male-killing bacteria 
can disrupt an upstream component of the sex determination pathway. However, there is 
scant evidence of this because the mechanism of male-killing remains known in only 
one case (Veneti et al., 2005).
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Evidence of the impact of inherited bacteria upon the sex determination system is 
provided however by symbionts which increase the frequency of infected female hosts 
in the population by converting genotypic host males into functional phenotypic 
females. This feminisation of genetic males not only distorts the sex ratio of the host but 
also the host sex determination mechanism (Dunn et a l, 1995). A well studied example 
of feminising bacteria is that of the Wolbachia infection in the terrestrial isopod 
crustacean (woodlouse) Armadillidium vulgare (Martin et a l, 1973). Sex determination 
in this species is ancestrally female heterogamety, with females being ZW and males 
ZZ. ZZ individuals develop into males following development of the androgenic gland 
which is induced by the androgenic hormone. Wolbachia-miQctQd. ZZ males do not 
form androgenic glands and therefore develop into phenotypic females. In populations 
where the infection reaches high frequency, the female-determining W chromosome 
may be lost thus creating a population where all individuals are genetically male. The 
bacteria in these cases becomes the sex determining factor -  all infected individuals are 
genetically male (ZZ) phenotypic females, and all uninfected individuals are male 
(Rigaud et al, 1997). High prevalence populations will therefore be heavily female- 
biased. This bacterial-mediated switch in sex determinant is not restricted to A. vulgare\ 
a feminising Wolbachia has also been recorded in the butterfly Eurema hecabe (Hiroki 
et al, 2004).
1.1.4.7 Extinctions
Even as early as 1967, Hamilton understood that fixation of sex ratio distorting elements 
such as meiotic drive elements (see Chapter two) could lead to host extinction
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(Hamilton, 1967). Experiments conducted using Y-drive in Drosophila melanogaster 
demonstrated that extinction due to fixation of a sex ratio distorter can occur (Lyttle, 
1977) but little evidence of this in natural populations has been gathered. High 
prevalence bacterial infections have been reported, such as the male-killing Wolbachia 
in the butterfly Acraea encedon previously mentioned, and females from this species are 
reported to go unmated (Jiggins et al., 2000b). However there seems to be many ways 
in which host extinction may be prevented. Metapopulation structure (local differences 
in prevalence), migration and gene flow may prevent extinction from a lack of host 
males (Hatcher et al., 1999), as will incomplete action of the bacteria or inefficient 
vertical transmission. Host extinction may therefore be a real threat in some populations 
but the level of threat depends on many factors specific to the system in question. Of 
course studying host extinction caused by inherited bacteria can be problematic - it is 
hard to study natural host populations that no longer exist. So although extinction 
caused by inherited bacteria is likely to have happened, the extent which this occurs may 
never be fully realised.
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1.2 Evidence of a host response
We now know that cytoplasmic bacteria are common, express a multitude of 
phenotypes, and also that the biology of the host can be dramatically altered. Despite 
mounting evidence that inherited bacteria have a profound influence upon the host, there 
is disproportionately little evidence of a host response -  surprising perhaps as many of 
the manipulations induced by inherited bacteria create strong selection pressures in the 
host to counter-adapt.
Because these cytoplasmic bacteria create genetic conflict with the rest of the host 
genome, selection should favour the spread of modifiers in the host that suppress the 
action or resist the transmission of the bacteria. The degree of conflict between selection 
pressure on host and bacteria will be determined by the balance of mutualistic versus 
antagonistic effects the bacteria has on the host. This in turn will have an effect on the 
level of response from the host.
There is generally a lack of evidence of such modifiers and this may be in part due to the 
prediction that they should spread to fixation, thus masking the presence of such genes 
and also the manipulation they are suppressing (Hatcher, 2000). Both cytoplasmic male 
sterility (CMS) and meiotic drive systems have revealed substantial evidence of host 
suppression (e.g. Saumitou-Laprade et al., 1994; Carvalho et al., 1997; Presgraves et al., 
1997) contrasting with the lack of evidence for cytoplasmic bacteria. What little 
evidence there is comes from the Armadillidium vulgare-feminising Wolbachia
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symbiosis where it has been demonstrated that the host has evolved control of the 
vertical transmission of the feminiser (Rigaud & Juchault, 1992).
Particularly surprising is the paucity of evidence for a host response in male-killing 
associations. Male-killing is likely to elicit a strong response in the host for two reasons:
1. The female biased sex ratio created in the host by the male-killing action of the 
bacteria creates conflict with the host nuclear genes. Any males in the 
population would enjoy higher reproductive fitness and so any modifier in the 
host that restored male production would be highly selected for.
2. By killing male embryos, approximately half of the offspring in a brood die.
This severely reduces the fitness of the infected parent promoting selection for 
modifiers that enable infected females to produce surviving male offspring.
It has been predicted that male-killing evolves easily in insects where it is beneficial to 
the bacterium (Hurst et al., 1997) and indeed male-killing bacteria have been found in a 
wide variety of insect taxa and belong to diverse groups within Eubacteria (Hurst & 
Majerus, 1993; Werren & Beukeboom, 1998). Thus if the host was able to respond it is 
likely that evidence would be found in a male-killer-host association. For this reason 
this thesis concentrates on male-killing bacteria and the interaction between one 
particular male-killer and its host.
33
1.2.1 Male-killing bacteria
Male-killing bacteria derive from a range of taxonomic clades, being found within the 
alpha and gamma subdivisions of the Proteobacteria, the genus Spiroplasma and the 
Flavobacteria-Bacteroides group (Hurst et a l , 1999b; Werren et a l, 1994; Werren et al,
1986). The male-killing trait can occur if the ancestral bacteria were solely vertically 
transmitted or a mix of vertical and horizontal transmission was present. The diversity 
of male-killing bacteria suggests that there is no taxonomic bar to the transition to male- 
killing (Hurst & Jiggins, 2000) and it is likely that more male-killers will be found as 
research continues.
Detection of such elements is often through the observation of a natural population 
having a sex ratio deviating from the expected 1:1 (Fisher, 1930), and with an excess of 
females (e.g. Ishihara, 1992). Alternatively laboratory breeding may reveal the presence 
of females that only produce female offspring - intensive research may then demonstrate 
that this trait is associated with a maternally inherited male-killing factor. However, 
when a male-killer is present in a population at a low prevalence (e.g. Wolbachia is 
common in Drosophila but at low prevalence (Hurst, pers. comm.) it may be difficult to 
detect, but this, and the fact that a phylogenetically wide array of taxa within arthropods 
are infected with male-killers, suggests that male-killing is common.
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1.2.1.1 Population dynamics
While most interactions between male-killers and their hosts show low or intermediate 
prevalence levels, prevalence can be extreme and an important ecological and 
evolutionary force. As mentioned previously, male-killing Wolbachia can be close to 
fixation in the African butterfly Acraea encedon (Jiggins et al., 2000b). Several factors 
may influence the variation in prevalence of a male-killer seen within and between 
species including vertical transmission efficiency of the male-killing bacteria, horizontal 
transmission, direct fitness effects upon infected female hosts, non-random mating 
(avoidance of infected mates) and variance in the level of expression of the phenotype 
(reviewed in Hurst etal., 1997).
1.2.1.2 Why kill male hosts?
As mentioned, male hosts are an evolutionary ‘dead end’ to cytoplasmic bacteria. But 
why therefore do some inherited bacteria kill males? Killing males will only occur if 
this produces some benefit to the bacterium that would create the necessary selection 
pressure. Male-killing is therefore adaptive only if the male’s death increases the 
survival or reproductive fitness of female siblings (who bear the same bacterium by 
descent) relative to uninfected females in the population. The increase in female fitness 
has been termed ‘fitness compensation’ and can result for three reasons: sibling egg 
cannibalism, reduction in sibling antagonism and inbreeding avoidance (Skinner, 1985; 
Hurst & Majerus, 1993). These involve features of host ecology, biology and behaviour 
with which the incidence of male-killing is thought to vary (Hurst & Jiggins, 2000).
35
a) Sibling egg cannibalism
Sibling egg cannibalism is potentially important as infected females will have access to 
the dead male siblings for their first meal. In species where cannibalism has evolved, 
infected females would have increased direct access to resources compared to their 
uninfected counterparts. In these species the first meal is important. For example in 
Adalia bipunctata neonates must find aphids to eat in order to survive. It has been 
observed that females in a male-killed clutch have an increased survival time in the 
absence of aphids. This may mean that they would be able to survive longer whilst 
looking for further food (Hurst et al., 1997). Sibling egg cannibalism is widespread 
among the Coccinellidae (ladybirds) and so this feature may go towards explaining the 
finding that the group shows a common occurrence of male-killing (Hurst & Majerus, 
1993).
b) Reduction in sibling antagonism
Another benefit to infected females and hence the bacteria they harbour is a reduction in 
sibling antagonism. Where sibling antagonism occurs (commonly in the form of 
competition for food resources) male-killing would reduce the brood size by 
approximately half. Death of male siblings would indirectly increase available resources 
for the sibling females compared to the uninfected females in the population. The 
ecologies of many species with male-killing are consistent with this benefit, as eggs are 
often laid in clutches and larvae are often initially gregarious (Hurst & Majerus, 1993).
36
c) Inbreeding avoidance
A third commonly hypothesised benefit is a decrease in the rate of inbreeding. Infected 
females would have no, or fewer, brothers than uninfected females and so are less likely 
to inbreed, and their descendents are thus less likely to suffer from inbreeding 
depression. Male-killing would therefore raise host reproductive success (Werren,
1987). This would only confer an advantage to infected females if inbreeding occurred 
naturally in the population, and if some level of inbreeding depression was expressed. 
For example, in Adalia bipunctata, although inbreeding depression leading to embryonic 
death was severe in the laboratory, there was no evidence of such deaths in the field, 
leading to the conclusion that inbreeding depression was not important in the field, and 
as such it is unlikely to be important in the dynamics of male-killing (Hurst et al., 1996). 
There has been no evidence that by enforcing outbreeding male-killers are increasing 
infected female offspring fitness compared to uninfected offspring (Hurst & Majerus, 
1993). It is also important to note that there is a reciprocal relationship between the 
level of inbreeding and inbreeding depression. Higher levels of inbreeding increase 
selection against the deleterious alleles that cause depression and so populations which 
show a high rate of inbreeding often show a low level of inbreeding depression (Hurst & 
Majerus, 1993).
1.2.1.3 How kill male hosts?
Male-killing bacteria kill males during embryogenesis or in the 1st larval instar of their 
hosts (Hurst et al., 1997; Hurst & Jiggins, 2000). Little is understood about the 
mechanism of early male-killing or what the cue used to detect sex is. Research has
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shown that in the Spiroplasma poulsonii-Drosophila willistoni symbiosis, male-killing 
occurs at stage 12 (8 hours) post fertilization (at 25°C) (Bentley et al., 2007). In 
Drosophila melanogaster it has been demonstrated that a functional dosage 
compensation complex is required for the Spiroplasma poulsonii male-killer to be 
active. A male host lacking in any of the five protein components of the dosage 
compensation complex survives infection (Veneti et al., 2005). It is likely that the 
mechanism of male-killing differs between symbioses as the mechanism of host sex 
determination varies widely in arthropods. The male-killing phenotype has been 
observed in haplodiploid (e.g. Nasonia vitripennis\ female heterogametic (e.g. 
butterflies) and male heterogametic (e.g. ladybirds) hosts. In addition, the same male- 
killer has been found in hosts with differing sex determination mechanisms, for example 
the male-killing bacterium Wolbachia has been found to kill males in both male and 
female heterogametic species (Hurst et al., 1999b). From research completed to date, it 
seems that either the focus of male-killing is germ-line determination, or there is more 
than one basic mechanism (Hurst & Jiggins, 2000).
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1.3 The study system: the inherited bacteria Wolbachia and the host 
Hypolimnas bolina
1.3.1 Hypolimnas bolina
Hypolimnas bolina (Lepidoptera: Nymphalidae) is a tropical butterfly with a large range 
across the Indo-Pacific region. It occurs on the mainland and also as small discrete 
populations on islands throughout the South Pacific. Females exhibit genetic colour 
polymorphism within and between populations but the male is monomorphic. In some 
populations the female resembles the male to a high degree but the sex can still be 
determined effectively by the number of white spots in the centre of the forewings. The 
male has three spots on each forewing while the female has four spots (Figure 1.1).
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Chapter one: Introduction
Figure 1.1 Hypolimnas bolina. Photograph A. female and B. male (Charlat, pers. comm.)
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1.3.2 Historical evidence of all-female broods in H. bo Una
In part due to the commonness of H. bolina, but also due to the colour pattern variation 
seen in female H. bolina, specimens were collected in large numbers from the late 1800s 
on into the 1970s. Butterflies were deposited in museums across the world including the 
Natural History Museums in London and Oxford. In addition to these samples, several
tildiaries of those that collected the specimens during the early part of the 20 century 
were published at intervals in the journals Proceedings o f  the Royal Entomological 
Society and Transitions o f the Royal Entomological Society.
In the 1880s Gervaise Mathew bred families from wild-caught females from Fiji in the 
South Pacific that consisted solely of females (Poulton, 1923b; Poulton, 1926). Hubert 
Simmonds in the 1920s confirmed the presence of all-female broods amongst families 
bred from wild Fijian females and indicates that these ‘unisexual’ females are the 
majority in Viti Levu, Fiji (Poulton, 1923a). This ‘all-female’ trait was reported to be 
passed from mother to daughter, and not caused by parthenogenesis (Poulton, 1928). 
Later, in 1929, it was suggested that a male-specific lethal factor was responsible for the 
‘all-female’ trait observed (Poulton, 1930). It was another 50 years before the cause of 
the ‘all-female’ trait was demonstrated to be the very high mortality of males in the 1st 
instar larval stage (Clarke et al., 1975). It was at this time that Clarke et al (1975) 
hypothesised the presence of a cytoplasmic infectious factor as being the cause of the 
sex ratio distortion in some H. bolina broods. In 1983 a re-survey of Fijian populations 
was undertaken (Clarke et al., 1983) which demonstrated that the all-female
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phenomenon has persisted for at least 60 years and 150 generations of the butterfly. 
Recent investigations into the all-female trait in Fiji has led to the discovery that the 
causal agent is a male-killing Wolbachia bacterium (Dyson et al., 2002), strain wBoll 
Further historical data concerning H. bolina is described and discussed in more detail 
throughout this thesis.
1.3.3 Wolbachia
As mentioned previously Wolbachia was first reported in the mosquito Culex pipiens by 
Hertig & Wolbach in 1924 - which accounts for its general name Wolbachia pipientis 
(Hertig, 1936; Werren, 1997). It is a Rickettsia-like intracellular bacterium 
approximately 2 pm in length and belongs to the a-proteobacteria group (Figure 1.2). It 
remains one of the most common reproductive manipulators, with between 10 and 30% 
of insects being infected (Werren et a l, 1995a; Werren & Windsor, 2000; Jiggins et al,
2001). The wide range of taxa infected with this symbiont has been attributed to its 
ability to employ a variety of ways to manipulate the host which include Cl, 
parthenogenesis induction, feminisation and male-killing. Wolbachia seems to have 
evolved as a specialist in manipulating development and reproduction in arthropod hosts 
in particular (Werren, 1997). There is also some evidence of an essential role, where 
Wolbachia modifies the fecundity or fertility of its host so that without the bacterium 
there is inhibition of oogenesis (Dedeine et a l, 2001).
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Figure 1.2 Transmission electron micrograph of Wolbachia from H. bolina (Dyson et al., 2002) 
1.3.4 Prevalence and penetrance variation of the wBoll infection in H. bolina
In addition to identifying the causal factor of male-killing in H. bolina as being a 
Wolbachia infection, Dyson also recorded wide geographic variation in prevalence of 
the infection. Prevalence ranged from zero (e.g. Australia), to mid-range prevalence 
(e.g. Fiji), to high prevalence (e.g. Independent Samoa) (Dyson etal., 2002; Dyson & 
Hurst, 2004). Penetrance of the male-killing strain present in many H. bolina 
populations, wBoll, was also found to vary. Males were killed with complete or near 
complete efficiency in many populations in Polynesia but in some Southeast Asian 
populations infected males were commonly found (Dyson, 2002),
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1.3.5 Transmission efficiency of wBoll in H. bolina
The vertical transmission rate can have a profound effect on the dynamics of a male- 
killer. If vertical transmission is perfect, it is possible for the agent to go to fixation 
within a host population, as long as the agent is not substantially deleterious to the 
(female) host. In order to establish the rate of vertical transmission in H. bolina, Dyson 
investigated the association of the infection with mitochondrial haplotypes (mitotypes). 
Population genetic data based on mtDNA haplotype frequency across infected and 
uninfected specimens demonstrate perfect maternal transmission of the male-killer in 
this system (Dyson, 2002), making it comparable to the Acraea encedon-Wolbachia 
interaction in which extreme male-killer prevalence is also observed (Jiggins et a l ,
2002). The association between mitotype and wBoll infection will be discussed further 
in Chapter five.
1.3.6 Why does wBoll kill male H. bolina?
a) Sibling cannibalism
Although sibling cannibalism has been reported in male-killer infected populations of 
ladybirds (Hurst et al., 1992b), there is no evidence of this in H. bolina. Dyson reports 
that larvae starve to death rather than consume sibling eggs (Dyson, 2002)
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b) Reduced sibling antagonism
Dyson in 2002 observes that in Independent Samoa the average clutch size of H. bolina 
is 10 eggs. Compared to other insects including Acraea encedon where clutch size 
usually exceeds 100 eggs (Jiggins etal., 1998), the clutch size of H. bolina is very small 
and as such indicates that there is unlikely to be a large degree of sibling competition for 
resources. In addition, H. bolina larvae are not gregarious and disperse early - also 
indicating that sibling competition may not be important in this system. Reduced sibling 
competition is therefore unlikely to be an important factor in the evolution of the male- 
killing trait in this species.
c) Inbreeding avoidance
Inbreeding avoidance has not been quantified in this system and is difficult to asses 
accurately. However, in other systems it is not thought to be an important factor in the 
evolution of male-killing (Hurst & Majerus, 1993). Despite this it cannot be ruled out.
1.3.7 Why use this system?
As mentioned in section 1.2, male-killing potentially creates the strongest selection 
pressure on the host to resist the action or transmission of the bacteria. A male-killing 
system is thus ideally placed to investigate the response of the host to the bacterium. 
Wolbachia is an ideal candidate due to its commonness and also due to the variety of 
traits it expresses in its hosts. It would be interesting to understand why this group of
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bacteria in particular is so successful. There is also a wealth of information about 
Wolbachia including tried and tested PCR assay techniques and genome information.
In order to investigate the effect of a male-killer on a host and the host response in 
natural populations the system ideally needs to show variation in prevalence and 
penetrance of the infection across a geographic range. The tropical butterfly 
Hypolimnas bolina exhibits such variation allowing comparative studies and 
introgression experiments to be conducted, dissecting out genetic and environmental 
influences.
High prevalence infections in females are evident in populations in the South Pacific 
(Dyson & Hurst, 2004). These populations will create the highest selection pressure on 
the host to resist male-killing and are thus the most likely to provide evidence of a host 
response. Penetrance variation is observed between Southeast Asian and the Polynesian 
populations. In Polynesia the infection causes full male-killing. In contrast, in 
Southeast Asia, infected male hosts are found commonly in the wild, and thus are not 
killed. The difference in action may be due to a host response to the bacterium but 
environmental or bacterial differences cannot be ruled out at this stage.
In addition to this, the availability of historical evidence of all-female broods and 
preserved specimens from the beginning of the 20th century can provide clues to changes 
in the association between bacterium and host over time. The opportunity to look into 
past associations through both historical documents and samples is very rare and makes 
this system unique.
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On a more practical note the Wolbachia-H. bolina system was also chosen as first, the 
butterfly is common enough and (sometimes) slow enough to catch and second, it is 
breedable, allowing genetic crosses to be obtained (given enough time and energy). 
Both Wolbachia and H. bolina, and the knowledge of the system to date, will be 
discussed in more detail in the following chapters.
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1.4 Investigating a host response to male-killing in the H. bolina- 
Wolbachia system
This thesis investigates the evolutionary dynamics of the conflict between a male-killing 
inherited bacterium and the host. Chapter two begins with the observation that an 
active male-killing strain of Wolbachia in Polynesian populations of H. bolina is present 
in Southeast Asian populations yet does not kill males. Introgression experiments 
demonstrate that some H. bolina populations in Southeast Asia have responded to the 
conflict by evolving a dominant suppressor of the action of the male-killer. Chapter 
three continues by asking what now drives the Wolbachia infection in the suppressed 
populations. Crossing experiments reveal that surviving infected males induce Cl: the 
Wolbachia strain is therefore pluripotent. Historical data indicate that as recently as the 
1970s male-killing was observed in Southeast Asia and so in Chapter four the rate of 
spread of a dominant suppressor of male-killing is modelled. Simulations of host 
populations infected with a male-killer demonstrate that a dominant host suppressor can 
indeed theoretically spread to fixation within a very short time. Host-male-killer 
associations are therefore demonstrated to be highly dynamic, more so than previously 
thought. Additional evidence of flux in a host-male-killer association is sought in 
Chapter five where historical data is again examined through ancient DNA techniques. 
Past and present samples are compared from a number of H. bolina populations 
revealing several cases of rise and fall in prevalence of the male-killer. Finally Chapter 
six investigates a potentially important driving force in the prevalence of a male-killer -  
direct fitness effects. The thesis ends in a discussion of the wider implications of the 
findings presented.
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Chapter two: Natural evolution of 
male-killer suppression
This chapter has been published as part of Hornett et aL, 2006 
and Charlat, Hornett et a t 2005.
2.1 Summary
Male-killing bacteria are widespread in arthropods, can achieve high prevalence, and 
also profoundly alter the reproductive biology of their host species. Whilst the majority 
of other parasitic sex ratio distorting elements have provided case studies with either 
partial or complete suppression in natural host populations, male-killers in contrast have 
appeared to be fully active despite theoretically being typical candidates for suppression. 
In order to determine whether suppression of male-killing has evolved in nature, it is 
necessary to investigate a symbiosis which expresses polymorphism in the phenotype of 
the infecting parasite geographically. The nymphalid butterfly Hypolimnas bolina 
presents such a case. Hypolimnas bolina is infected with a strain of the bacterium 
Wolbachia, wBoll, which kills male host embryos in Polynesian populations, but is 
present in males in Southeast Asia, indicating male-killing is not complete in this 
location. This investigation demonstrates that the absence of male-killing in some 
Southeast Asian populations is caused by dominant zygotic suppression of the action of 
the male-killer. The findings indicate that suppression of male-killing can evolve, can 
have a very simple genetic basis, and can render male-killers quiescent. The complete 
loss of the male-killing phenotype of wBoll from H. bolina within the next 50 years is 
predicted.
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2.2 Introduction
The frequency and array of effects caused by reproductive parasites is impressive. 
Present in a wide range of arthropods, they can induce cytoplasmic incompatibility (Cl), 
parthenogenetic reproduction, feminisation or male-killing. In some cases, a single 
clade of bacteria has multiple phenotypes. Cardinium, for instance, is known to induce 
parthenogenesis and Cl (e.g. Groot & Breeuwer, 2006; Zchori-Fein et al., 2001; Hunter 
et al, 2003). Wolbachia has been demonstrated to have virtually no effect on host 
reproduction in some cases, but induces Cl, parthenogenesis, causes feminisation or 
male-killing in others (e.g. Bandi et al., 1999; Bourtzis et a l, 1996; Huigens & 
Stouthamer, 2003; Kageyama et a l, 2002; Jiggins et a l, 2000a).
2.2.1 Causes of variation in phenotype: host differences
The cause of this variation in the phenotype of reproductive parasites is of great interest. 
For the best studied parasitic symbiont, Wolbachia, part of the variation is undoubtedly 
associated with differences between strains of the bacterium. However interspecific 
transinfection experiments have revealed that differences between hosts can also be 
responsible for variation in the phenotype expressed by Wolbachia. In Drosophila 
simulans the Wolbachia strain, wRi, is known to induce strong levels of Cl (Hoffmann et 
al., 1986). Upon transinfection of wRi into uninfected Drosophila melanogaster only 
weak Cl was induced in incompatible matings (Boyle et a l, 1993). Supporting this, the 
Wolbachia strain wMel, which induces low Cl in its natural host D. melanogaster,
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induces very high levels of Cl when transinfected into uninfected D. simulans (Poinsot 
et al., 1998). Thus, reciprocal transinfections between Drosophila simulans and 
Drosophila melanogaster demonstrated that strains competent to express Cl do so 
strongly in D. simulans, but weakly in D. melanogaster, notwithstanding whether D. 
simulans or D. melanogaster is the source of the infection.
In addition to the host influences over the strength of the phenotype expressed, the host 
appears to be important in the type of phenotype expressed. Transinfection of a 
Wolbachia strain from the almond moth Cadra cautella to the Mediterranean flour moth, 
Ephestia kuehniella, was accompanied by a switch in phenotype from Cl to male-killing 
(Sasaki et al., 2002; Sasaki et a l, 2005). Transinfection has thus demonstrated that the 
host has an important role in both the form of phenotype expressed as well as its 
strength.
It is now obvious that ‘host effects’ account for some of the interspecific variation in 
Wolbachia phenotype. However, the evolutionary processes producing this variation 
between hosts are uncertain. Variation between hosts could arise from either of two 
evolutionary processes. First, there might be an unselected Toss of fit’ between 
bacterium and host. This would result in a lack of, or a change in, expression of the 
parasite upon transinfection (or natural horizontal transmission event). For example, 
changes in the sex determination system over evolutionary time in uninfected hosts 
could prevent a male-killer from functioning following transinfection. Alternatively, the 
variation in phenotype observed may be a consequence of evolution in the natural host, 
particularly the action of selection favouring the spread of variants that suppress the
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parasite phenotype. In this instance, transferred bacteria will not express the same 
phenotype in the novel host compared to the original host because the original host has 
suppressed the phenotype. The novel host, with no former contact with this bacterium 
would have had no such selective pressures and therefore would display no resistance 
and full expression of the parasite phenotype is observed.
Resistance by the host can be expected to evolve if the reproductive parasites which 
distort the sex ratio of their host promote their own spread through the host population at 
a cost to the bearer. Distorting the host sex ratio away from the Fisherian 1:1 sex ratio 
(Fisher, 1930) produces selection for unlinked modifiers within the host genome that 
suppress the action, or reduce the transmission efficiency of the element, restoring the 
host sex ratio to unity.
2.2.2 Previous research
2.2.2.1 Suppression of sex ratio distorters
Theory predicts that unless there is a cost of suppression, suppression genes are expected 
to spread through the host populations until the host sex ratio reaches 1:1 (Taylor, 1990). 
Empirical evidence for the co-evolutionary ‘struggle’ between sex ratio distorting 
elements and their hosts is most usually provided by studies of sex chromosome meiotic 
drive. Sex chromosome meiotic drive is the unequal transmission of the sex 
chromosomes from the heterogametic sex. It is often observed in the Diptera including 
Drosophila (Jaenike, 1996), mosquitoes (Wood & Newton, 1991) and diopsids (stalk­
eyed flies) (Presgraves et a l, 1997). The phenotype of a biased sex ratio in the progeny
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and natural population is similar to that of male-killing, and the two phenomena have to 
be distinguished where simple observations of biased sex ratio are made.
Studies of meiotic drive have revealed much evidence of suppression. Meiotic drive 
suppressors prevent the driving action of the chromosome - reducing or removing the 
bias in the sex ratio, masking the presence of the drive. X chromosome-linked drive 
depends on preventing the production of functional Y-bearing sperm. This creates 
strong selection on the Y chromosome and autosomes to resist drive. Examples of 
systems where suppressors of meiotic drive have been found include many Drosophila 
species (e.g. D. mediopunctata (Carvalho et al., 1997); D, quinaria (Jaenike, 1999)) and 
in some diopsids (e.g. Cyrtodiopsis dalmanni (Presgraves et al., 1997)). Interestingly 
not all cases of meiotic drive have shown evidence of suppressors. Drosophila 
pseudoobscura, for instance, has never been proven to carry drive repressors, despite an 
extensive search (Policansky & Dempsey, 1978; Jaenike, 2001).
Studies of cytoplasmic male sterility (CMS) have similarly revealed many cases of host 
suppressors which restore the sex ratio to unity (Saumitou-Laprade et al.y 1994). 
Suppressors have been reported at high frequency and are thought to contribute to the 
variation among host populations in the frequency of CMS factors (Taylor, 1999). CMS 
is observed in dioecious angiosperms where sex allocation is distorted. The male 
reproductive function is reduced so that little or no pollen is produced. The genes 
involved in CMS differ between species but are always associated with mutations in 
mitochondrial DNA, often rearrangements creating new chimeric genes. CMS 
mitochondria cause selective degeneration of male function, and spread when this
reduction in male function is accompanied by enhanced output through seed. Many 
cases of CMS are only seen in hybrid context due to common evolution of suppressor 
genes (Frank, 1989). In contrast to the studies on meiotic drive and CMS, work on 
cytoplasmic microorganisms that distort the sex ratio through the process of male-killing 
have so far provided few compelling cases of suppression evolution.
2.2.2.2 Suppression o f cytoplasmic sex ratio distorting symbionts
However, some evidence of suppression of a symbiont sex ratio distorter exists in the 
Armadillidium vulgare system. As mentioned in the introduction to this thesis, in this 
woodlouse, sex determination is female heterogamety (c?ZZ and $WZ). Wolbachia 
infected females produce highly female-biased progenies without differential mortality 
between the sexes, a phenomenon called thelygeny which is maternally inherited. This 
phenotype is caused by the Wolbachia infection feminising genotypic males (ZZ) into 
functional phenotypic females. The only functional phenotypic males in the population 
are uninfected. The sex determination of A. vulgare is therefore under the control of the 
inherited symbiont. Like all cytoplasmic sex ratio distorters, the maternal inheritance of 
this feminising Wolbachia produces a conflict with the autosomes which are inherited by 
both parents. In this system a selection response to this conflict has resulted in host 
nuclear genes which control the vertical transmission of the feminiser (Rigaud & 
Juchault, 1992; Rigaud, 1997).
2.2.2.3 Suppression o f male-kiUing symbionts
There is very little evidence of a host response to male-killing bacteria, despite their 
highly parasitic nature and their ability to reach very high prevalence in the host
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population. Whilst prevalence at these levels produces strong selection for the spread of 
novel resistance alleles, historical data indicates that male-killers can persist at high 
frequency for protracted periods without the spread of modifiers (e.g. Hypolimnas bolina 
(Dyson & Hurst, 2004); Acraea (Jiggins et al., 2002); Drosophila bifasciata (Hurst et 
al., 2001)).
It may be difficult for suppression to evolve by gradual accumulation of modifiers of 
small effect. Mutations would have to arise which produced a significant effect 
immediately (preventing male death). A modifier slightly delaying the timing of male 
mortality may not be selected for as first, die male will still not reach reproductive 
maturity and so the modifier would not be inherited, and second, delayed male mortality 
may actually be detrimental to the host where some benefit to infection exists, for 
example brood egg cannibalism (Hurst et a l, 1997) (e.g. in Adalia bipunctata, a newly 
laid egg has a higher nutritional content than a developed egg (Agarwala, 1991)). In 
addition, even if a modifier evolved which resulted in the survival of one male in a 
brood, the reduction of benefit to the female siblings (in the event of brood egg 
cannibalism) may mean that this modifier will not be selected for.
A modifier which stops the male-killer being transmitted into the offspring is also 
predicted to be selected for when the male-killer is at high prevalence. In this case, any 
decrease in the transmission rate may be selected for by the host as males would be 
produced. Thus, gradual accumulation of modifiers resisting transmission of the male- 
killer may be more likely to evolve.
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Despite the observation that high prevalence male-killing infections can persist for 
prolonged periods in the wild, it is theorised that when high prevalence is combined with 
other factors such as in male-killing, the highly detrimental effect of losing half of the 
progeny, a potentially intense selection pressure is created for the evolution of 
suppression. It is possible that resistance to the male-killing phenotype has evolved in 
some populations but has quickly spread to fixation. Once at fixation, no male-killing 
would be observed and the infection would either be lost from the population, or if some 
other benefit such as host fitness effects existed, the infection would become 
unrecognisable as a suppressed male-killing infection.
In order to discover these hidden male-killers experimentally, the infection would need 
to be placed onto a similar host nuclear background where no suppression genes have 
evolved. Some data exists of interspecific transinfections which may show this. As 
mentioned previously, the almond moth (Cadra cautella) is naturally doubly infected 
with Wolbachia strains, wCauA and wCauB, which expresses CL Upon transinfection 
of wCauA to a sister species, the Mediterranean flour moth Ephestia kuehniella, which 
has not been in association with this Wolbachia strain naturally, male-killing is 
expressed instead (Sasaki et al., 2002; Sasaki et a l, 2005). By interpreting this data in 
the light of the hidden male-killer theory, this switch in phenotype could be interpreted 
as the ‘unmasking’ of male-killing when released into a background devoid of 
suppression genes. The only other published evidence to date of possible suppression 
genes that have evolved in response to male-killing is found in research undertaken in 
the 1950s involving two species of Drosophila infected with cytoplasmic ‘sex ratio’ 
factors: D. willistoni (Malogolowkin, 1958) and D. prosaltans (Cavalcanti et a l, 1957).
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Each of these three potential examples of male-killer suppression involves lab-reared or 
experimentally manipulated populations. The evidence gathered to date of a male- 
killing suppressor is far from convincing. For example, in the Sasaki experiments 
involving C. cautella and E. kuehniella (Sasaki et al., 2002; Sasaki et a l , 2005), the 
change in phenotype observed following artificial transinfection could be the result of a 
lack of ‘fit’ in the host. The male-killer may not be able to induce male-killing in the 
novel host purely due to differences between hosts in their ability to support growth of 
the bacterium, or a lack of male-killer action due to changes in the sex determination 
system or toxin binding site etc. The D. willistoni case has poor replication (only one 
line infected with a male-killer is used) and therefore is not very compelling. It does 
seem however that this one case of suppression has a mechanism that resists the 
transmission of the male-killer -  once the all-female brood phenotype was lost it could 
not be restored by further crosses to a variety of males (Malogolowkin, 1958).
Drosophila prosaltans from Brazil does seem to have a recessive factor responsible for 
resistance. Through systematic mating and observations of the sex ratios produced, two 
types of stock was created -  one homozygous for the suppressor and one which was 
homozygous wild-type. Wild females were then crossed to males from both stocks and 
produced mostly or only females in both cases. However, in backcrosses to males from 
the homozygous suppressor stock some females produced normal sex ratio broods. This 
indicates that in the first generation a proportion of the female offspring had inherited 
one copy of the suppressor gene. When these females were subsequently backcrossed a 
proportion of the male offspring inherited two copies and thus survived. Nothing is
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known about the mechanism of resistance however -  whether it be infection loss or 
suppression of the action of the male-killer (Cavalcanti et a l 1957).
In order to demonstrate host suppression of male-killing conclusively, it would be ideal 
to observe suppressed male-killing within one host species and in natural populations. 
The host species would thus have to be polymorphic for the suppressor gene across it 
range, with action of a male-killing symbiont varying across space. The Hypolimnas 
bolina-Wolbachia symbiosis is an excellent candidate for such a system.
2.2.3 The Hypolimnas bolina-Wolbachia symbiosis
2.2.3.1 Polymorphism in the phenotype o f the infecting symbiont
When investigating a system where suppression has evolved, we would expect to find a 
phase when there is intraspecific variation of the phenotype, associated first with 
polymorphism in the presence of suppressor elements within a population, and then 
inter-population variation in presence of the suppressor. The H. bolina-Wolbachia 
system is thus an ideal system because of the intraspecific variation in phenotype 
observed in host populations infected with the Wolbachia strain wBoll. wBoll kills 
infected male butterflies in Polynesia, however, in Southeast Asia infected males survive 
and infected females produce a 1:1 sex ratio in the brood (Dyson, 2002). Whilst 
suppression is one explanation for these observations, the pattern could also be 
associated with variation in the bacterium, or due to environmental variation.
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2.2.3.2 Historical evidence
In the 1970s, Clarke et a l observed that around 80-90% of female H. bolina produced 
all-female broods in Borneo and that this trait was associated with a male-killing 
heritable cytoplasmic factor (Clarke et al., 1975). The situation 30 years ago differs 
substantially to current observations where infected males are found commonly in 
Borneo, suggesting a loss of male-killing in some or all individuals (Dyson, 2002). It is 
also notable that Clarke et al. reported the presence of a male-killer in Hong Kong 
(Clarke et al., 1975). Infected males are also found currently in Hong Kong (Dyson, 
2002). One hypothesis from this data alone is that within the last 30 years a suppressor 
has spread through Borneo and Hong Kong populations of H. bolina.
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2.3 Aims
1. To determine the sex ratio produced by wBoll infected H. bolina females in 
Southeast Asia.
2. To delineate whether the cause of the difference in phenotype expressed
by wBoll in naturally infected H. bolina from Southeast Asia and Polynesia is 
variation in the environment, bacteria or host.
3. Further to this, in the case of differences being associated with variation in
the host, to investigate the nature of suppression in terms of its genetic basis and 
mode of action.
61
2.4 Methods
2.4.1 Sex ratio produced by infected females in Southeast Asia
In order to determine the phenotype of wBoll in Southeast Asia, a permit to collect wild
H. bolina in Vietnam was obtained, and a sample of H. bolina collected in May 2004. 
The female H. bolina collected were induced to oviposit by placing each in a clear 
container also containing the larval foodplant lpomoea batatas (Sweet potato). Larvae 
were reared in plastic containers measuring 30x20x20cm covered with untreated 
mosquito netting. Larvae were allowed to pupate inside the cage and adults removed 
upon emergence. Each adult was then sexed (as described in the Introduction, section
I.3.1) and the sex ratio for each matriline recorded. All adults collected, male and 
female, were preserved in 95% ethanol and returned to the UK for analysis.
DNA was extracted using the Wizard® Genomic DNA Purification Kit (Appendix A l. 1) 
and then tested for DNA quality and presence of Wolbachia through PCR assay (PCR 
reaction mixture, conditions and primers sequences: Appendix A2). Initially, the quality 
of the DNA extraction was tested via a PCR assay based on the mitochondrial 
cytochrome oxidase subunit I, using primers COIF and COIR (Brunton & Hurst, 1998). 
This is a general insect DNA quality assay. Positive samples were then assayed to 
detect infection with B group Wolbachia to which wBoll belongs. This PCR uses 
primers 8IF and 522R which amplify the surface protein, wsp gene of Wolbachia strains 
from group B (Zhou et a l , 1998). Samples were also assayed for Wolbachia strains
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belonging to group A using PCR primers 16SAF and 16SAR which amplify the 
ribosomal subunit 16SA (Werren et a l, 1995b) in order to discount the possible 
presence of an additional strain of Wolbachia found commonly in H. bolina, wBol2 
(Charlat et al., 2006a).
In a separate study, live mated female specimens from Thailand were purchased from 
the Stratford Upon Avon Butterfly House during September 2003 and treated in a 
similar manner to the wild-caught Vietnamese females. In the absence of any 
information on the history of the Thai H. bolina specimens, we presumed all butterflies 
from this batch to belong to a single matriline.
2.4.2 Cause of difference in Wolbachia phenotype between Southeast Asia and 
Polynesia
In order to isolate the cause of the phenotypic differences, introgression of the 
Polynesian infection onto the Southeast Asian nuclear background was performed, and 
reciprocally, the Southeast Asian infection onto the Polynesian nuclear background, 
within a common environment to exclude possible environmental influences on the trait.
All breeding and rearing was carried out in Moorea, French Polynesia at the Richard B. 
Gump Field Research Station, University of Berkeley between January and July 2005. 
PCR assays were conducted upon return to UCL, London in August 2005.
63
2.4.3 Sources of Hypolimnas bolina
Hypolimnas bolina from three populations were used in this investigation: Moorea in 
French Polynesia, and Thailand and the Philippines in Southeast Asia. The independent 
replicate populations from Southeast Asia were obtained from pupae suppliers in the UK 
(Thailand from Stratford-upon Avon Butterfly Farm, and the Philippines from London 
Pupae Supplies) and sent as pupae under permit to Moorea (French Polynesia) to be 
mated with local populations. The Moorean population was obtained from wild females 
caught in Moorea in October/November 2004 and maintained at the research station 
until pupae were obtained that were synchronised with that of the imported Southeast 
Asian pupae. Localities of experimental populations are shown in Figure 2.1.
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Figure 2.1 Location of the two Southeast Asian populations (Thailand and the Philippines) and the Polynesian population (Moorea, French 
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historical data records the presence of a male-killing phenotype in H. bolina. Red circle indicates area in which the population is found (Map 
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2.4.4 Crosses
There is high prevalence of wBoll in all three populations, but male-killing is only 
expressed in the Moorean population. By introgressing the infection from a non male- 
killing population onto the nuclear background of individuals from a male-killing 
population, and vice versa, the effect of the nuclear background on the male-killing 
phenotype may be ascertained.
Infected Moorean females were mated over three generations to Thai or Philippine 
males. The resultant hybrid individuals have the Moorean wBoll infection with a 
progressively increasing Southeast Asian nuclear background. The reciprocal 
introgression was also conducted, with infected females from Thailand or the 
Philippines mated with Moorean males over three generations creating individuals with 
a Southeast Asian wBoll infection and a progressively increasing Moorean nuclear 
background. Once the phenotype characteristic of the males’ natural population has 
been attained, a backcross was performed in order to examine whether the original 
phenotype was retrievable and the infection remains. As a control against environmental 
effects on phenotype, pure infected lines from each population were maintained 
concurrently. Replication was attempted for all crosses as far as the limitations of 
butterfly courtship and mating made practicable. In the F3 generation of introgression 
(at which point segregation of any factors would be occurring), multiple individuals 
were bred to provide information as to the genetic basis of the suppressor.
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2.4.5 Rearing and mating conditions
The wings of adults were marked to allow each butterfly to be uniquely identified. The 
forewing was marked with Tippex® and permanent pen, with each butterfly given a 
unique identification code. The remaining three wings are also marked with permanent 
pen to ensure easy identification (Figure 2.2). The identification code was based on the 
original wild matriline, the clutch, and the sibling number.
595 01 01
595 01 01 595 01 01
Figure 2.2 Diagram of a butterfly depicting the positions of the markings made in order to 
identify individuals. Markings were made on the ventral side of the wings so that when the 
wings were closed they could still be seen. On part of one forewing scales were removed and 
Tippex® applied. The identification number was then written onto this using a permanent pen. 
Permanent pen was then used to write the identification number directly onto the other three 
wings.
Following marking, each adult was placed outside into a large flight cage
(1.80x1.80x3.60m), constructed of a metal frame and fine mosquito netting (BioQuip®,
model 1412A). The cage is sectioned into a male and female side. 15% w/v sugar
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solution was made available to the adults on yellow sponges in trays suspended from the 
cage roof.
Once a substantial number of reproductively mature adults had been obtained, the 
partition separating the males and females was removed and the adults allowed to mate. 
The cage was checked every 15 minutes for mating pairs (mating takes over 20 minutes, 
pers. obs.). Mating pairs were then removed and placed into a smaller cage (30x60cm) 
within the flight cage and the identities of each of the pair recorded. Participants in the 
mating experiment were adjusted in relation to the type of crosses required.
After mating had finished, the male was returned to the flight cage and the female 
removed and fed with 15% w/v sugar solution. Oviposition was encouraged by placing 
the female into a clear container (10x7x7cm) also containing a young Synedrella 
nodiflora plant. The female was placed in a well-lit situation (required for optimal 
oviposition), the plant changed every day, and the eggs laid counted.
On the fourth day after oviposition, the eggs develop and hatch. On day five the number 
of green eggs (infertile eggs), brown eggs (developed but unhatched) and hatched eggs 
(1st instar larvae) were counted in each clutch. The egg hatch rate (HR) is calculated as 
being:
HR = number of hatched eggs / number of hatched eggs + number of brown eggs
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Egg hatch rate data were based only on crosses that produced in excess of 50 eggs. In 
the majority of cases over 100 eggs from each cross were used. The egg hatch rate was 
calculated taking into account the number of eggs in each cross.
Larvae were kept in groups of 15 in labelled plastic containers measuring 30x20x20cm. 
All populations were reared inside a laboratory with natural light and temperatures and 
fed an excess of a common wild plant found in Moorea, Asystasia gangetica. After 
approximately 21 days following oviposition, the larvae pupate. Upon pupation the 
pupae were removed from the container and placed singly into smaller labelled plastic 
containers (10x7x7cm) for emergence. After approximately 6-10 days following 
pupation, each pupa emerged inside the container and its emergence date was noted.
24hrs following emergence the sex of the adult was recorded. Once all adults from a 
line have emerged the sex ratio was calculated as being the proportion of males 
surviving to adult. Males and females are easily distinguished by the colour pattern on 
their wings (see Chapter one). For any particular line, a low egg hatch rate 
(approximately 0.5), and a sex ratio of zero (no males) is characteristic of male-killing.
2.4.6 Laboratory methods
After the mated females above had oviposited they were killed (by freezing) and 
dissected. Wings were removed and dried in an oven to preserve them. The body was 
placed in a 1.5pl screw top tube containing 95% ethanol in order to preserve it until 
return to the UK for PCR assay. In the UK, the abdomen was removed using a sterile
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scalpel blade, dried to remove alcohol, and then processed using the Wizard® Genomic 
DNA Purification Kit to extract the DNA (Appendix Al .1). PCR assays were carried 
out in a similar manner to that detailed in section 2.4.1 and Appendix A2.
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2.5 Results
2.S.1 Sex ratio produced by infected females in Southeast Asia
The infection status of wild caught H. bolina from Vietnam displayed a pattern similar 
to previously observed in Borneo and Hong Kong (Dyson, 2002), with both females (n= 
8) and males (n=10) infected with wBoll. Four wild-caught infected females laid 
significant numbers of eggs and gave rise to 212 sons and 206 daughters (Table 2.1). 
One further female laid a veiy limited number of eggs, from which one adult male was 
reared. The butterflies obtained from Thailand in 2003 via pupae suppliers also 
produced a 1:1 sex ratio (29 males: 39 females), and were also infected with wBoll. 
Thus, we can conclude that females infected with the wBoll in Southeast Asia can 
produce egg clutches with full egg hatch rate, and an FI with a 1:1 sex ratio in which 
males are infected. Thus, the origin of infected males in wild samples is clear.
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Matriline Infected with 
B group 
Wolbachia?
Number of 
males in 
clutch
Number of 
females in 
clutch
Egg hatch 
rate
C5 Yes 1 0 0.25
C6 Yes 98 94 0.99
Cl Yes 73 73 1
C9 Yes 17 19 0.72
ST1 Yes 24 20 1
Table 2.1 Sex ratio and egg hatch rates from collected female Vietnamese (Mekong Delta) H. 
bolina
2.5.2 Cause of difference In Wolbachia phenotype between Southeast Asia and 
Polynesia
In order to test for the role of host suppressor genes in causing phenotypic differences in 
Wolbachia infection, introgression experiments were performed placing the Polynesian 
infection onto the Southeast Asian nuclear background, and reciprocally, the Southeast 
Asian infection onto the Polynesian nuclear background, within a common environment. 
Three populations of Hypolimnas bolina were used in this investigation: one from 
French Polynesia (Moorea), and two from Southeast Asia (Thailand and die 
Philippines). There is high prevalence of wBoll in all three populations, but male- 
killing is only expressed in the Moorean population (see results above and (Dyson,
2002; Charlat et al.y 2005)).
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2.5.2.1 Moorean infection introgressed onto a Southeast Asian nuclear background
In the first generation of introgression four Moorean matrilines were crossed to Thai 
and/or Philippine males. These were compared to control crosses where females from 
the same matrilines were crossed with males from within their native population. To 
allow the generality of any suppression to be ascertained, the different Moorean 
matrilines were crossed to four different Southeast Asian matrilines in total. Two of the 
Moorean matrilines were crossed to males from a single Philippine line (Phi A), a third 
matriline to separate Philippine (Phi B) and Thai lines (Thai B), and a fourth to a distinct 
Thai line (Thai A). Further generations of introgression and backcrosses were 
conducted using only ‘Phi A’ and ‘Thai A’ Southeast Asian lines.
In each case, when infected Moorean females were mated to Thai or Philippine males, 
creating a nuclear background that was 50% Southeast Asian/50% Moorean, the females 
produced significant numbers of sons: male-killing did not occur (Moorean x Philippine: 
54 males: 73 females, from four crosses; Moorean x Thai: 88 males: 121 females, from 
four crosses) (Table 2.2). This was in marked contrast with the natural condition of 
complete absence of males due to male-killing. The sex ratio deviates from the Moorean 
male-killer controls (contingency test: matriline 595 x Phi A male versus control^2 =
7.51.1 d.f.,/? <0.01; matriline 787 x Thai A male versus control: x2 = 4.44,1 d.f.,/? 
<0.05; matriline 812 x Phi A male versus control: x2 = 22.43, 1 d.f., p  <0.001; matriline 
1350 x Thai B male versus control^2 = 28.73,1 d.f.,/? <0.001; matriline 1350 x Phi B 
male versus control:x2 = 26.94, 1 d.f.,/? <0.001). The sex ratio in Moorea x Southeast 
Asia crosses was generally consistent with 1:1, with the exception of one replicate of the
787 x Thai A. Egg hatch rates (HR) in these crosses were also consistent with absence 
of male-killing in Moorea x Southeast Asia crosses and its presence in Moorea x 
Moorea controls (Table 2.2).
Female Source 
(Matriline)
Male Source 
(Line)
Sex Ratio Egg Hatch Rate (n)
595 Phi A 16 M: 26 F NA
Moorea 0M: 13 F 0.52 (94)
812 Phi A 13 M:17 F 0.97 (33)
Moorea 0 M: 33 F 0.50 (66)
0 M: 10 F 0.50 (340)
787 Thai A 24 M: 50 F 0.89 (383)
32 M: 34 F 0.99 (469)
Moorea 0 M: 6 F 0.14 (42)
1350 ThaiB 17 M: 17 F 0.99 (78)
15 M: 20 F 0.93 (167)
PhiB 17 M: 16 F 0.93 (147)
8 M: 14 F 0.98 (92)
Moorea 0 M: 44 F 0.68 (241)
Table 2 2  Sex ratio and egg hatch rates of Moorean female crosses with Philippine (Phi)/Thai 
males, compared to control crosses with wild-type Moorean males. Sample size for egg hatch 
rate is given in parentheses (number of eggs). NA = not ascertained
On continuing the introgression onto a Phi A or Thai A nuclear background, the sex 
ratio increased further towards 1:1 (Figure 2.3). Data is either not significantly different 
from 1:1 in the Philippine F2 (26 males: 36 females from two crosses 
X2=1.61,1 d.f., NS) and F3 (31 males: 36 females from two crosses x2=0.38,1 d.f., NS), 
or indicates a slight excess of males in the Thai F2 (25 males: 12 females from two
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crosses x =4.57,1 d.f., p<0.05). A F3 Thai generation was not possible due to mating 
restrictions.
Consistent with survival of males, HR increased from the natural Moorean HR after 
introgression of the Moorean infection onto the Southeast Asian nuclear background. 
Male-killer controls (infected Moorea x infected Moorea) have an average HR of 46.8% 
(mean of 5 crosses), which contrasts with the Philippine and Thai controls (Philippine x 
Philippine: average HR=98.4%, mean of 10 crosses; Thai x Thai: average HR=81%, 
mean of 13 crosses). The HR during the introgression onto a Philippine nuclear 
background was 96% (three crosses) from the parental cross (see Table 2.2), 99% in the 
F2 (mean of two crosses), and 87% (mean of three crosses) in the F3. Similarly, during 
the introgression onto a Thai nuclear background, HR was 95% (mean of four crosses) 
in the parental cross (see Table 2.2) and 94% (mean of 6 crosses) in the F2.
2.S.2.2 Moorean/Southeast Asian hybrid backcrossed to Moorea
Given a single generation of crossing was sufficient to produce the sex ratio and HR 
characteristic of the Southeast Asian phenotype, five introgressed FI females were 
backcrossed to males from their native Moorean population, re-introducing the Moorean 
nuclear background (Figure 2.3). For Moorean/Philippine hybrid females, one 
generation of backcrossing to Moorean males produced a sex ratio in the progeny which 
immediately decreased again from 0.4 to 0.14 (6 males: 36 females, one cross; 
Contingency test, backcross vs continued introgression: x2=9.92,1 d.fi, p<0.01), and in a 
further generation of backcross the sex ratio was 0.13 (8 males: 69 females, from two
75
crosses; Contingency test, backcross vs continued introgression: x2=23.33,1 
d.f., p<0.001). For Moorean/Thai hybrid females, the sex ratio moved from 0.4 to 0.21 
in the first generation of backcross to Moorean males (6 males: 23 females, one cross; 
Contingency test, backcross vs continued introgression: %2=14.42,1 d.f, p<0.001), then 
to 0 (no males surviving, one cross) in the second generation of backcross.
Egg hatch rate also decreases on re-introduction of Moorean nuclear DNA, in line with 
the sex ratio, becoming ‘male-killer like’. In contrast with the egg hatch rates observed 
for the continued introgression onto a Philippine nuclear background (HR=99% then 
87%), the egg hatch rate on backcross to Moorea was 77% (mean of two crosses) in the 
first generation, then 62% (mean of 5 crosses). Similarly, the continued introgression of 
Thai nuclear genes (HR=94% in the F2), differs from the egg hatch rate observed on 
backcross to Moorea where HR=72% (mean of three crosses) in the first generation of 
backcross then HR=55% (mean of 5 crosses). Note that throughout, the sample size 
(number of crosses) for egg hatch rate data is higher than for sex ratio data due to time 
and space constraints on rearing more butterflies to adult.
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Figure 23  Sex ratio (proportion of males) produced when A. Moorean infection is introgressed 
onto a Philippine nuclear background, and B. Moorean infection is introgressed onto a Thai 
nuclear background. Backcrosses are also shown in both A. and B. Only Thai A and Phi A lines 
are shown. Sex ratios given are the mean of crosses conducted, with sample sizes as described 
in text.
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2.S.2.3 Southeast Asian infection introgressed onto a Moorean nuclear background
In the reciprocal introgression, infected Thai (line Thai A) and Philippine (line Phi A) 
females were independently mated with Moorean males over a series of generations, 
creating individuals with a Southeast Asian vvBoll infection and progressively 
increasing Moorean nuclear background. The results are summarized in Figure 2.4. In 
contrast to the immediate change in phenotype of Moorean wBoll on introgression onto 
the Southeast Asian nuclear background, after one generation of being crossed to 
Moorean males, both types of Southeast Asian wBoll infected females produced a sex 
ratio and egg hatch rate typical of the natural Southeast Asian phenotype (Philippine x 
Moorean: 39 males: 29 females from four crosses, Test vs 1:1 sex ratio: x2=l-47,1 
d.f., NS; Thai x Moorean: 27 males: 40 females from four crosses, Test vs 1:1 sex 
ratio: x2=2.52,ld.f.,NS).
However, on continued introgression onto a Moorean nuclear background, the sex ratio 
produced shifts towards the male-killing condition. The sex ratio produced by 
Philippine infected females became more female biased, changing from 0.57 in the FI to 
0.32 in the F2 generation (44 males: 94 females from two crosses, Contingency test: sex 
ratio in Philippine control vs Philippine x Moorea: x2=l 1-39,1 d.f., p<0.001) and to 0.19 
in the F3 generation (32 males: 139 females from 6 crosses, Contingency test: sex ratio 
in Philippine control vs Philippine x Moorea: x2=22.84, 1 d.f., p<0.001). The sex ratio 
from Thai infected females decreased from 0.55 in the FI to 0.17 in the F2 (23 males: 
112 females from two crosses, Contingency test: sex ratio in Thai control vs Thai x 
Moorea: x2=24.82,1 d.f., p<0.001) and further to 0.14 in the F3 generation (20 males:
78
139 females from 5 crosses, Contingency test: sex ratio in Thai control vs Thai x 
Moorea: x2=5.64, ld.f., p<0.025).
Egg hatch rate maintained the original Southeast Asian state in the FI in accordance 
with the sex ratio (Philippine: HR=95%, mean of 8 crosses; Thai: HR=98%, mean of 5 
crosses). The hatch rate in the F2 changed towards the male-killing condition, again in 
line with the sex ratio (Philippine: HR=80%, mean of 7 crosses; Thai: HR=77%, mean 
of three crosses). Mean egg hatch rate data for the Philippine and Thai infections 
introgressed with Moorean nuclear background for a third generation shows a continued 
trend towards the male-killing condition (Philippine: HR=74%, mean of 7 crosses; Thai: 
HR=66%, mean of 6 crosses).
During the third generation of introgression above, a variety of independent crosses were 
performed as random Mendelian segregation is expected to have produced variability 
between lines at this stage. Within these crosses, heterogeneity was indeed observed 
amongst both Philippine (x2=17.84, 5 d.f.; p<0.01) and Thai (x2=23.44,4 d.f.; p<0.001) 
infections introgressed onto a Moorean nuclear background. Some were observed to 
exhibit full male-killing, with no surviving males and 50% egg hatch rate. Other crosses 
exhibited partial male-killing, with a female bias and a higher (c.75%) egg hatch rate 
(Table 2.3).
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Matriline origin Cross Egg hatch rate Sex ratio (m:f)
The Philippines 1 0.51 0:35
2 0.52 NA
3 0.70 10:19
4 0.75 7:17
5 0.80 7:25
6 0.90 7:23
7 0.93 1:20
Thailand 8 0.48 NA
9 0.53 0:39
10 0.53 0:37
11 0.74 6:24
12 0.79 5:20
13 0.80 9:19
Table 23  F3 crosses from the Southeast Asian infection introgressed onto a Moorean nuclear 
background. Data indicating a male-killing phenotype is depicted in bold. NA = not 
ascertained.
2.5.2.4 Southeast Asian/Moorean hybrid backcrossed to Moorea
To test that the bacterium had not altered during introgression, F3 females (with the 
Southeast Asian infection and Moorean nuclear DNA) from crosses showing the sex 
ratio and HR characteristic of full male-killing, were backcrossed to Southeast Asian 
males (Figure 2.4). Sex ratio increased from 0 to 0.58 after backcrossing a 
Philippine/Moorean hybrid female with a Philippine male (11 females: 8 males, one 
cross; Test vs 1:1 sex ratio: x2=0.47,1 d.f., NS). The HR for this backcross increased 
correspondingly to 96% (mean of two crosses). The backcrossed Thai introgression 
failed to produce viable eggs. That infection was maintained throughout all of the 
introgression and backcross experiments was confirmed by PCR assay.
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Figure 2.4 Sex ratio (proportion of males) produced when A. Philippine infection is introgressed 
onto a Moorean nuclear background, and B. Thai infection is introgressed onto a Moorean 
nuclear background. Backcrosses are also shown in both A. and B. Sex ratios given are the 
mean of crosses conducted, with sample sizes as described in text.
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Z 5. Z 5 Control crosses
As a control against environmental effects on phenotype, pure infected lines from each 
population were maintained concurrently with experimental lines and all lines kept in 
identical conditions. In each generation, HR and sex ratio was monitored, and each line 
maintained the sex ratio/HR characteristic of the population from which it was derived 
(Table 2.2; Figures 2.3 and 2.4). This eliminates the possibility that the alterations in 
sex ratio above were associated with environmental variation. Control lines maintained 
the wBoll infection throughout the experiment, as evidenced by PCR assay.
2.5.2,6 Genetic architecture o f  suppression
Using sex ratio data from each generation of the introgression of the Southeast Asian 
infection onto a Moorean nuclear background, particularly the third generation, it is 
possible to examine which architecture the data fits best. It is important when 
investigating genetic architecture to take into account the number of genes/loci, the 
dominance of the gene, linkage between the genes/loci and the additivity of the gene/loci 
(whether all are required for suppression or whether one alone works). Enhancers may 
also be present -  suppose a suppression gene restores 80% of the males, an enhancer 
may increase this to 100% of the males surviving (although the enhancer itself does not 
suppress male-killing when on its own). The gene and enhancer may not be linked so 
segregation may occur and the inheritance of both or either is possible. With the data 
presented here it is not possible to determine the exact genetic architecture of 
suppression, however three basic models can be investigated: 1) ‘one dominant gene’ 
model, 2) ‘two dominant genes, both required for suppression’ model, and 3) ‘two 
dominant genes, either required’ model (see Figures 2.5 and 2.6).
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Figure 2.5 Diagram showing proportions of offspring for the ‘one dominant gene’ model. There is one suppression loci: S is dominant to s.
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Figure 2.6 Diagram showing proportions of offspring for the ‘two dominant genes, both required for suppression’, and the ‘two dominant genes, 
either required for suppression’ models. There are two suppression loci: S is dominant to s, and R is dominant to r.
Comparing the expected sex ratios with the observed sex ratios and the proportion of 
crosses which have them gives an indication of the basic genetic structure (Table 2.4).
Model 
Genera t i o n \ ^
One gene Two genes, 
either required
Two genes 
both required
Observed
FI 1:1 1:1 1:1 1:1
F2 1:2 3:4 1:4 1:3
(1:2 Philippine, 
1:4 Thai data)
F3 50% 1:2 
50% 0:1
25% 3:4 
50% 1:2 
25% 0:1
25% 1:4 
75% 0:1
4/13 1:4 
3/13 1:2 
5/13 0:1 
1/13 NA
Table 2.4 Comparison of three basic models giving expected sex ratios at each generation, and 
the observed sex ratios. Sex ratio is given male:female. NA = not ascertained.
For all three models, the expected FI sex ratio agrees with the observed sex ratio of 1:1. 
The F2 and F3 data does not fit so well with all models. The observed F2 data does not 
fit with the ‘two gene, either required’ model -  many fewer males are seen than 
expected. The 3m: 4f sex ratio is also not seen in the F3, again ruling out this model. 
Against the ‘two genes, both required’ model is the observation that in the F3 
approximately 50% (or lower) of the crosses give full male-killing (as evidenced though 
a sex ratio of 0m: I f  or 0.50 HR). In the ‘two genes, both required’ model 75% of the 
crosses are expected to have a 0m: I f  sex ratio which exceeds that observed. Observed 
Philippine F2 data fits the ‘one gene’ model. However, Thai F2 data does not as it gives 
a lm: 4f sex ratio i.e. there are fewer males than expected. In the observed F3 data
approximately half of the crosses produce no males -  consistent with the ‘one gene’ 
model. Crosses giving a lm: 2f sex ratio are also present in the F3, also consistent with 
the ‘one gene’ model. However, 4/13 of the crosses give a lm: 4f sex ratio which is not 
consistent with a simple ‘one gene’ model with full penetrance.
The lower sex ratios observed in the F2 and F3 (lm: 4f instead of lm: 2f) may reflect 
incomplete dominance of the suppressor or segregation of an enhancer (lm: 2f sex ratio 
when the enhancer is present with the suppressor, and 1:4 sex ratio when the enhancer is 
segregated from the suppressor). Fewer males survive than are expected in the ‘one 
gene’ model. Clearly the genetic architecture of suppression in this system is not 
simple. However, a signal of one major gene can be seen in the data.
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2.6 Discussion
Previous work indicated the presence of infected males in Southeast Asian populations 
of H. bolina and suggested that male-killing was not completely efficient (Dyson, 2002). 
The results of this study demonstrate first that Wolbachia strain wBoll in Southeast Asia 
does not induce male-killing. Rather, infected females collected from Vietnam produced 
a 1:1 sex ratio, as did stocks from pupae suppliers derived from Thailand and the 
Philippines. Further, this study demonstrates that the geographical variation in 
Wolbachia phenotype within H. bolina is associated with genetic differentiation in the 
host, as opposed to bacterial or environmental differences. The host nuclear background 
in natural Southeast Asian populations of H. bolina completely suppresses the male- 
killing phenotype of wBoll, whereas in Polynesian populations, the phenotype remains 
un-suppressed.
2.6.1 Suppression of the action or the transmission of the male-killer?
The continued existence of wBoll in a non male-killing state in natural populations 
indicates that this is a case of suppression of the action of the male-killer rather than 
prevention of its transmission. This is corroborated by continued survival of nBoll in 
the introgressed lines where sex ratio had returned to 1:1, and the ability to recover 
male-killing following backcrossing.
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2.6.2 Mechanism and the genetic basis of suppression
The survival of males in the crosses between Moorean females and Southeast Asian 
males clearly indicates that suppression occurs zygotically: male survival occurs despite 
a maternal genotype that allows male-killing. That this single input of genes from 
Southeast Asia is enough to allow male survival indicates that the zygotic suppressor is 
genetically dominant. This conclusion is confirmed by the lack of change in sex ratio in 
the first generation of the reciprocal Southeast Asian female x Moorean male crosses.
At this stage it is not possible to precisely determine the genetic architecture of 
suppression -  many more crosses would need to be performed, but the observation that 
male-killing can become completely re-established within a couple of generations of 
introgression onto the Moorean genetic background indicates it is likely to be one 
dominant gene or linkage group responsible for suppression. Analysis of the proportion 
of crosses at each generation that gave different sex ratios also supports to some extent 
the one dominant gene architecture.
2.6.3 Rate of spread of the suppressor gene
The speed with which a suppressor would spread in natural populations can be inferred 
from historical data and models. Historical records from Borneo indicate that the 
prevalence of the male-killer was high -  in the region of 80-90% of females carrying the 
male-killer -  in the 1970s (Clarke et al., 1975). This would produce a population sex 
ratio of five to ten females per male, making male survival a highly selected trait. 
Simulations can be performed for a dominant suppressor of the action of the male-killer
in a diploid host population - indicating whether such a suppressor could spread from 
low frequency to fixation within the time period suggested by historical data i.e. 30-40 
years (see Chapter four).
Ancient DNA can also be utilised to investigate whether a suppressor of male-killing can 
spread rapidly within a host population. Due to the maternal inheritance of the male- 
killer it is in linkage disequilibrium with mitochondria also present in the cytoplasm. 
Previous studies have evidenced a tight association between a mitochondrial haplotype 
and the wBoll strain (Dyson, 2002), making it possible for the prevalence of wBoll in 
ancient populations to be determined (see Chapter five). By combining historical data 
with theory it may be possible to determine whether loss of the male-killing phenotype 
could occur veiy rapidly following the initial suppressor mutation, eventually rendering 
the male-killer quiescent. Ancient DNA could be used to resolve this empirically.
It is assumed that past samples from Borneo are comparable with present samples 
despite being taken from locations c.SOOkm apart, and that presence of infected males in 
Borneo represents presence of the same suppressor elements demonstrated in 
Philippine/Thai populations. Whilst not proven, both of these assumptions are fair in a 
highly migratory species such as H. bolina, and the data are clearly compatible with a 
very recent episode of selection for suppression.
Finally, it is tempting to predict future dynamics in this system. Thirty years ago, this 
species bore a male-killer across its range. Today, the male-killer does not function in 
Borneo or Hong Kong (infected males found in the field), nor in Vietnam, the
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Philippines and Thailand (1:1 sex ratio produced by infected females). Studies in Japan 
suggest Japanese H. bolina are currently polymorphic for the suppressor (Mitsuhashi et 
a l, 2004). As the butterfly moves south east (following the initial settlement pattern),
H. bolina in the Pacific will progressively lose the male-killing phenotype, and the 
species will have gone from one infected with a male-killer to one that is not. The rate 
of this process will be limited by ecological factors that determine butterfly movement, 
because the spread of the suppressor within islands will be rapid and unlikely to be rate 
limiting. Whilst the information with which to parameterise this process is not available, 
the migratory nature of the butterfly suggests it could well happen during our lifetime.
2.6.4 Rate of establishment of male-killing infections
One consequence of the discovery of a male-killer suppressor could be that male-killers 
have a higher rate of initial establishment than originally thought. Previously, the high 
number of arthropod species infected with male-killers could have been regarded as a 
function of a slow rate of loss from infected species (death), rather than a high rate of 
initial establishment and spread (birth). Indeed, there is some data to suggest that male- 
killing infections can be ancient (Dyer & Jaenike, 2004; v.d.Schulenburg et a l , 2002). 
However, the finding that suppression of male-killing can evolve, resulting in rapid loss 
of the phenotype, indicates that there may be a subset of male-killer -host interactions in 
nature that are much more evolutionary dynamic, and characterised by a high rate of 
establishment coupled with rapid suppression. It is possible that many more species 
than previously imagined were, at some point in their history, infected with a male-
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killer, even if they are currently not. This would make male-killers a common selective 
force in arthropods, with greater evolutionary importance than previously recognised.
This observation of suppression also suggests it is worthwhile to re-evaluate the 
conclusion that suppression of male-killers has evolved rarely. It is possible that 
suppression of male-killers does evolve regularly, but produces an infection that is 
quiescent and not recognizable as a male-killer. This form of resistance is well known 
for other sex ratio distorters, with the phenotype of the sex ratio distorter only being seen 
in inter-population crosses or following hybridisation. Under this model, extant male- 
killers are simply those that have not been suppressed, and transinfection experiments, 
like those of Sasaki et al. (Sasaki et al., 2002), will reveal many more ‘quiescent’ male- 
killers among Wolbachia. However, it is not clear why some male-killing symbioses 
have evolved suppression and others have not, and why suppression genes have not 
evolved more often. Further examples of male-killing suppression would need to be 
discovered before any comparative studies could be made and this puzzle solved.
2.6.5 Pluripotent Wolbachia
This study leaves one unanswered question: what maintains wBoll at high prevalence in 
suppressed male-killing populations? It is likely that wBoll possesses another form of 
drive. One possibility is the presence of Cl as seen in wCaul in Cadra cautella (Sasaki 
et a l, 2002). A second possibility is the presence of a direct benefit as seen in 
Mosquitoes (Dobson et al., 2002; Dobson et al., 2004). Both of these possibilities for 
‘pluripotence’ will be investigated in Chapters three and six respectively.
Chapter three: Pluripotent Wolbachia: 
Cytoplasmic Incompatibility 
unmasked in H. bolina
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3.1 Summary
Wolbachia has evolved many methods of manipulating the reproduction of its host in 
order to enhance its transmission. Although traditionally viewed as being associated 
with distinct strains of Wolbachia, theory indicates that combinations of phenotypes can 
exist. This chapter demonstrates that wBoll, a strain of Wolbachia which induces male- 
killing in some populations, produces a second phenotype, Cytoplasmic Incompatibility 
(Cl), when suppressors of male-killing evolve in the host. The previously hidden Cl 
phenotype drives the infection to fixation. In addition, wBoll was found to retain the 
ability to induce Cl in host populations that lacked the suppressor, despite a lack of 
naturally occurring infected males. This suggests that Cl is an emergent, not evolved, 
property of wBoll. Thus, Wolbachia-host associations may be much more dynamic than 
previously thought, with phenotype switches in a single host species a result of host 
evolution. The findings presented here have consequences upon comparative genomics 
and investigations concerning the frequency of inherited bacteria expressing different 
phenotypes.
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3.2 Introduction
The previous chapter of this thesis demonstrated that some Southeast Asian populations 
of H. bolina maintain a high prevalence wBoll infection in the absence of the male- 
killing phenotype, which is suppressed by the host (Homett et al., 2006). Infected 
females from these populations produce a 1:1 sex ratio and infected males survive. This 
finding leaves an unanswered question: in the absence of male-killing, what drives the 
spread of the wBoll infection?
3.2.1 What forces are responsible for maintaining Wolbachia where male-killing is 
suppressed?
Several forces are hypothesised to affect the dynamics and equilibrium prevalence of 
Wolbachia including the maternal transmission efficiency of the bacteria, the 
reproductive alteration expressed, and any fitness effects conferred by the bacteria upon 
female hosts. Previous studies of H. bolina have observed near-perfect transmission 
efficiency in male-killed populations (Dyson, 2002). Breeding data undertaken within 
the Southeast Asian suppressed populations indicate that the situation remains the same - 
infected females produce only infected offspring. Chapter two of this thesis 
demonstrates that it is the action of the male-killer that is suppressed, not the 
transmission (Homett et al., 2006).
Evidence suggests that the loss of the male-killing phenotype has not resulted in a drop 
in prevalence. To the contrary, historical data indicates that the male-killing phenotype 
was at high prevalence in the 1970s in some populations of Southeast Asia (Clarke et a l , 
1975), whereas now, the non-male-killing wBoll infection is at near-fixation (Dyson,
2002). This apparent increase in prevalence is likely to be associated with an additional 
drive parameter post male-killing, and unlikely to be the result of simply the continuance 
of perfect maternal transmission efficiency.
The additional drive necessary to spread the wBoll infection through suppressed 
populations of H. bolina may have been created by selection for a modifier that 
increases the benefit that wBoll confers upon infected females. Direct benefits have 
been observed in some wBoll infected//, bolina populations (Dyson, 2002) but clear 
evidence of such effects is lacking in this system. Such a benefit would have to have 
evolved since the spread of the suppression gene in order to drive up prevalence. If the 
benefit had been present before, no increase in frequency would be observed. Another 
possibility exists however. If male-killing conferred some small cost to infected females 
as a side-effect of killing males, evolution of suppression would remove this cost. An 
apparent benefit would therefore consequently exist and may be responsible for any 
prevalence increase observed. Further investigation of the male-killing mechanism 
would have to be conducted to understand whether this has indeed occurred.
In sum, the transmission efficiency remains the same as in male-killed populations, and 
the reproductive alteration has been suppressed. Direct benefits of infection may be 
present but it is unlikely that a new direct benefit has evolved since the spread of the
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suppressor. In the absence of male-killing, does wBoll express an alternative 
reproductive manipulation? The most likely candidate is one of the commonest forms of 
reproductive alteration caused by inherited bacteria, Cytoplasmic Incompatibility (Cl). 
Now that infected males survive infection with wBoll, do they induce Cl? Theory 
indicates that bacterial strains with both a male-killing and Cl-inducing ability can 
invade a host population infected with a Cl-only bacterial strain. The original strain is 
eliminated and then followed by the masking of Cl-expression as the strains’ male- 
killing efficiency increases (Hurst et al., 2002). Such a scenario predicts the existence of 
pluripotent Wolbachia.
The first case of Cl described was in the mosquito Culex pipiens (Ghelelovitch, 1952; 
Laven, 1957). Compatibility was restored by the use of the antibiotic, tetracycline, 
indicating the presence of a bacterial parasite. The incompatibility was later linked to 
the presence of Wolbachia (Yen & Barr, 1973). Since then Wolbachia has become one 
of the most extensively-studied Cl-inducer, affecting insects across a wide range of taxa, 
particularly the Diptera (Table 3.1).
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Host Comments Reference^)
Culex pipiens 
(mosquito)
Drosophila
simulans
Many strains induce Cl, varying in level 
of expression with uni- and bidirectional 
incompatibility
Uni- and bidirectional incompatibility, 
natural and lab-created populations
(Ghelelovitch, 1952; 
Laven, 1957)
(Hoffmann et al., 1986)
D. melanogaster Varied incompatibility levels (Hoffmann, 1988)
D. sechellia Strong Cl when males are young (Giordano etal., 1995)
D. auraria High level of Cl (Bourtzis etal ,  1996)
D. ananassae Weak level of Cl (Bourtzis et al., 1996)
D. recens High level of Cl (Werren & Jaenike, 
1995)
Tribolium confusum 
(flour beetle)
Unidirectional incompatibility in lab 
strains, distribution in nature unknown.
(Stanley, 1961)
Tetranychus urticae 
(spider mite)
High zygotic mortality among females, 
not males
(Breeuwer, 1997)
Tetranychus 
turkestani 
(spider mite)
As above
Nasonia vitripennis 
(parasitoid wasp)
Cadra cautella 
(almond moth)
Unidirectional incompatibility, Cl 
causes loss of paternal chromosomes in 
fertilised eggs leading to a male-biased 
sex ratio
Double infection (wCauA & wCauB)
(Saul, 1961)
(Kellen eta l ,  1981)
Ephestia kuehniella
Hypolimnas bolina 
(butterfly)
Partial Cl (wKue)
wBol2 strain in some South Pacific 
populations
(Sasaki & Ishikawa, 
1999)
(Charlat et a l,  2006a)
Hypera postica 
(alfalfa weevil)
Unidirectional incompatibility (Hsiao & Hsiao, 1985)
Table 3.1 Examples where Wolbachia induces Cytoplasmic Incompatibility
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3.2.2 Cytoplasmic Incompatibility
In its simplest form Cl is induced when the inherited bacteria modifies the sperm of 
infected male hosts which are then unable to complete fertilisation of uninfected eggs, 
rendering the resultant uninfected offspring in viable. The modified sperm of infected 
males can successfully fertilise infected eggs and a normal clutch hatch rate is produced 
(Table 3.2). The mod./resc. theory (Werren, 1997) explains that infected females are 
able to produce viable offspring when mated to infected males as their bacterial infection 
can rescue the modification induced by the bacteria in the male. Uninfected females 
lack the rescue function and the offspring produced when mated to an infected male die.
In most cases Cl results in embryonic mortality - complete Cl results in an egg hatch 
rate of zero from the affected cross. However in the Hymenoptera, where sex 
determination is haplodiploid, Cl results in sex ratio distortion in the favour of haploid 
males. In this case the paternal chromosomes are thought to be modified by the parasite, 
resulting in only one set of chromosomes being present in the zygote (Breeuwer & 
Werren, 1990). The exact mechanism of Cl is largely unknown at present although 
early embryonic development is thought to be affected. Further evidence demonstrates 
that cell cycle timing is altered and condensation of the paternal chromatin is delayed, 
resulting in errors in paternal chromosome inheritance (Callaini et al., 1997; Tram et al.,
2003).
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Males
Infected
i
ii Uninfected
c n
73
Infected X ! X
<a
0 >u. Uninfected X ! x
i
Table 3J2 Viability of offspring produced from mating combinations of infected and uninfected 
male and female H. bolina infected with a Cl-inducing Wolbachia strain. Viable offspring from 
a compatible cross are indicated by a tick and inviable offspring from an incompatible cross by a 
cross.
The intensity of Cl has been demonstrated to vary within and between species, 
depending on the strain of bacteria infecting the population, the host species and also the 
age of the male host. Studies on the Cl of Drosophila simulans demonstrate that the 
strain of bacteria affects the phenotype expressed -  the direction, strength and presence 
of incompatibility (James & Ballard, 2000).
The host has also been demonstrated to have an effect on the level of Cl induced in 
Drosophila. The same strain of Wolbachia, wMel, induces weak Cl in its natural host D. 
melanogaster, but strong Cl when transferred into D. simulans by embryonic 
microinjection (Poinsot et al., 1998). Studies of Culex mosquitoes (Sinkins et al., 2005) 
and Nasonia wasps (Bordenstein & Werren, 1998) also reveal an effect of the host on 
the phenotype expressed. Interestingly, Cl has also been found to vary in strength 
depending on the age of the host male. In some populations of D. simulans Cl levels are
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higher in younger males (Hoffmann et al., 1986). This has been linked in some cases to 
bacterial density - older D. simulans males have been demonstrated to have a lower 
bacterial load (Binnington & Hoffmann, 1989).
Drosophila simulans also displays variation in the direction of incompatibility, with 
different strains of the incompatibility factors creating uni- and bidirectional 
incompatibility between different host populations (James & Ballard, 2000). 
Bidirectional incompatibility appears as some bacterial variants are unable to rescue the 
modification imposed by a different bacterial variant. Several species have been found 
to be infected with more than one strain of Cl-inducing bacteria. Bidirectional Cl has 
been theorised as a driver of speciation as individuals infected with different Cl- 
inducing strains are unable to reproduce successfully. In a study of two Nasonia species 
infected with Cl-inducing Wolbachia, antibiotic curing resulted in the production of 
viable fertile hybrid offspring from interspecies crosses -  breaking down the postmating 
reproductive barrier and Wolbachia-\n&\iCQ& reproductive isolation (Bordenstein et a l, 
2001).
By inducing Cl, maternally inherited bacteria confer an advantage upon infected females 
relative to uninfected females in the host population. Infected females produce viable 
offspring from mating with males of any infection status, whereas uninfected females 
suffer the large cost of no or few offspring when mating with infected males. By 
conferring a benefit to infected females, infected offspring comprise a larger fraction of 
the next generation, and consequently the infection will spread.
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3.2.3 Pluripotent Wolbachia
Wolbachia has evolved many methods of manipulating the reproduction of its host in 
order to enhance its transmission. These phenotypes have traditionally been viewed as 
being associated with distinct strains of Wolbachia, although theory indicates 
combinations can evolve (Hurst et al., 2002). Very little data supporting the existence of 
a pluripotent Wolbachia strain had been found to date. The almond moth, Cadra 
cautella is infected with a Wolbachia strain, wCauA, which induces CL Following 
transinfection of wCauA to the Mediterranean flour moth Ephestia kuehniella, male- 
killing is expressed (Sasaki et al., 2002; Sasaki et al., 2005). This study has been 
discussed in Chapter two with regard to host suppression of male-killing. It can also be 
argued that this system shows a Wolbachia strain which is capable of both Cl and male- 
killing, only it is evidenced through inter-species transfer of the infection rather than in a 
naturally-occurring transition.
One more example of possible pluripotency may be found in Drosophila bifasciata.
This species has been demonstrated to be infected with a male-killing Wolbachia.
During an investigation of this system, adult flies were exposed to elevated temperatures 
of 26°C which reduced bacterial density in eggs produced following treatment. This 
lowered the penetrance of the male-killing trait but not the heritability. As a 
consequence, a proportion of infected males survived. Crossing data then demonstrated 
that these males induced a weak Cl upon uninfected females (Hurst et al., 2000). This 
appears to be a case of a strain of Wolbachia which can express both male-killing and 
Cl. However, the results are not clear due to the nature of the method employed to
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obtain the infected males. Heat treatment may have an effect on the fertility of the 
males, independent of the infection. This case can therefore not be taken as clear 
evidence of a pluripotent Wolbachia.
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3.3 Aims
1. To determine whether Cl is induced by surviving males in populations of H.
bolina infected with vvBoll that have evolved suppression to the male-killing 
phenotype.
2. To rule out the hypothesis that low egg hatch rates gained are due to
incompatibilities between Southeast Asian and Polynesian nuclear genomes, or 
the Polynesian uninfected females being sterile, rather than CL
3. To ascertain whether the male-killing wBol 1 in a Polynesian population of H.
bolina retains the ability to induce CI.
4. In the case that wBoll in Southeast Asia and Polynesia induces CI, to investigate 
whether wBoll in Polynesia can rescue CI induced by Southeast Asian wBoll 
and vice versa, that wBoll infection in Southeast Asia can rescue CI induced by 
wBoll in Polynesia.
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3.4 Method
Similarly to that described in Chapter two of this thesis, three populations of 
Hypolimnas bolina were used: one from French Polynesia (Moorea), and two from 
Southeast Asia (Thailand and the Philippines). The Southeast Asian stock were obtained 
from pupae suppliers in the UK (Thailand from Stratford-upon Avon Butterfly Farm, 
and the Philippines from London Pupae Supplies) and sent as pupae under permit to 
Moorea. The Moorean population was reared from wild females caught locally. All 
breeding and rearing was carried out in Moorea, French Polynesia at the Richard B. 
Gump Field Research Station, University of Berkeley between April and June 2005.
PCR assays were conducted upon return to UCL, London in August 2005.
3.4.1 Crosses
3.4.1.1 Determine whether CI is induced in populations o flL  bolina infected with 
vtBoll that have evolved suppression to the male-killing phenotype.
In order to determine whether the phenotype of the wBoll infection in Southeast Asia 
(where the male-killing phenotype had been suppressed) is CI, crosses were performed 
between infected and uninfected individuals and egg hatch rates recorded. Due to the 
high prevalence of the wBoll infection in Southeast Asian populations of the butterfly 
(Charlat et al., 2005), sympatric uninfected individuals were unavailable. Therefore in 
order to conduct the necessary crosses, uninfected individuals from Polynesia were used 
instead.
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Test cross 1: Infected Southeast Asian (SEA) male x uninfected Polynesian
(Pol) female
Control cross 1: Infected SEA male x infected SEA female
If wBoll expresses CI in Southeast Asia, test cross one should produce no or few viable 
offspring (low egg hatch rate) as the infected SEA male induces a modification 
rendering the offspring inviable. This is compared with control cross one which should 
produce the normal wild-type egg hatch rate (high proportion of eggs surviving) as the 
infected SEA female is able to rescue the modification induced by the infected SEA 
male.
3.4.1.2 Rule out the hypothesis that low egg hatch rates gained in test cross one are 
due to incompatibilities between SEA and Polynesia nuclear genomes, or the 
Polynesian uninfected fem ales being sterile, rather than CI.
By crossing an uninfected Pol male with a SEA female it can be established whether the 
hybrid offspring are viable. Mating uninfected Pol males to the uninfected Pol females 
can ascertain whether the uninfected Pol females in the stock are sterile which would 
account for the low egg hatch rate if it were observed.
Control cross 2: Uninfected Pol male x infected SEA female
Control cross 3: Uninfected Pol male x uninfected Pol female
3.4.1.3 Ascertain whether wBoll in a Polynesian population ofW. bolina induces CI.
Polynesian populations of H. bolina infected with wBoll have not evolved suppression 
of the male-killing phenotype. Due to the presence of male-killing, it is not possible to 
determine whether infected male hosts induce CI as they have been killed by the
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bacterial infection. In order to discover whether wBoll from Polynesia does induce CI, 
it is necessary to introgress the Polynesian cytoplasm, and hence the infection, onto the 
Southeast Asian nuclear genome to allow the suppressor from Southeast Asia to rescue 
males carrying the Polynesian wBoll. Hybrid males survive after only one generation of 
introgression, and were used in this investigation.
Test cross 2: Infected hybrid Pol male x uninfected Pol female
Control cross 4: Infected hybrid Pol male x infected Pol female
Control cross 5: Infected hybrid Pol male x infected hybrid Pol female
If wBoll in Polynesia expresses CI when the male-killing phenotype is suppressed, the 
egg hatch rate from test cross two will be low compared with control cross four which 
should produce the normal wild-type egg hatch rate as the infected Polynesian female 
rescue the modification induced by the infected introgressed Polynesian male. The egg 
hatch rate of test cross two can also be compared to that obtained when mating the 
infected introgressed Pol. males to infected introgressed Pol. females in control cross 
five.
3.4.1.4 In the case that wB oll in Southeast Asia and Polynesia induces CI, investigate 
whether wBoll in Polynesia can rescue CI induced by Southeast Asian wBoll and 
vice versa, that wBoll infection in Southeast Asia can rescue CI induced by wBoll in 
Polynesia.
Both test cross three and four will produce a normal egg hatch rate if the infected 
females can rescue the modification induced by the infected males of the opposing 
population. Test cross three can be compared to test cross one where infected SEA
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males were crossed to uninfected Pol females. Also, test cross four can be compared to 
test cross two where infected hybrid males carrying the Polynesian wBoll were crossed 
to uninfected Pol females. Test cross three also determines whether hybrid inviability is 
observed.
Test cross 3: Infected SEA male x infected Pol female
Test cross 4: Infected introgressed Pol male x infected SEA female
3.4.2 Rearing and mating conditions
Methods of rearing and mating H. bolina are described in Chapter two of this thesis. 
Progeny from crosses were killed once the egg hatch rate had been established -  
therefore the sex ratio was not recorded. The egg hatch rate was calculated once the 
female had oviposited at least 50 eggs. In most cases an excess of 100 eggs were 
included for each female.
3.4.3 Laboratory methods
Infection status for all female and male parent H. bolina used in this experiment was 
confirmed by PCR assay. Laboratory methods are described in Chapter two of this 
thesis (section 2.4.1) and Appendices A l. 1 and A2.
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3.5 Results
Mean egg hatch rates and number of crosses are given in Table 3.3.
Cross type Female Male Replicate 1 mean HR
Replicate 2 
mean HR
Total 
mean HR
Test 1 M oU SEAB 0(9) 0(2) 0.00 (11)
Control 1 SEA B SEAB 0.79 (33) 0.82 (17) 0.80 (50)
Control 2 SEA B M oU 0.91 (13) 0.95 (4) 0.92(17)
Control 3 M oU M oU 0.88(11) 0.73 (11) 0.81 (22)
Test 2 M oU Hybrid Mo B 0(2) 0.05 (18) 0.05 (20)
Control 4 M oB Hybrid Mo B 0.72 (2) NA 0.72 (2)
Control 5 Hybrid Mo B Hybrid Mo B NA 0.76 (17) 0.76 (17)
Test 3 M oB SEAB 0.86 (6) 0.75 (6) 0.81 (12)
Test 4 SEA B Hybrid Mo B 0.84 (14) NA 0.84 (14)
Table 33  Egg hatch rates (HR) for each cross type obtained. Number of crosses is in 
parentheses. Individuals are noted as Moorean (Mo), Moorean infection introgressed onto a 
Southeast Asian nuclear background (Mo Intro), Southeast Asian (SEA), and infection status: 
Uninfected (U) and Wolbachia B group infected (B). Sample size (number of crosses) is given 
in parentheses. NA = not ascertained.
3.5.1 Is CI induced in populations of H. bolina infected with wBoll that have 
evolved suppression to the male-killing phenotype?
When infected Southeast Asian male H. bolina are crossed with uninfected Moorean 
females, a mean egg hatch rate of zero is observed which is indicative of CI. This egg 
hatch rate can be compared to the mean egg hatch rate obtained when crossing infected 
Southeast Asian males with infected Southeast Asian females giving a hatch rate of 0.80
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(Mann-Whitney U test comparing medians. Test cross one vs. control cross one: U = 5.5, 
nj = 11, n2 = 50; p < 0.05). A hatch rate of 0.80 is within the normal (no CI or male- 
killing) egg hatch rate limits.
3.5.2 Rule out the hypothesis that low egg hatch rates gained are due to 
incompatibilities between Southeast Asian and Moorean nuclear genomes, or the 
Moorean uninfected females being sterile, rather than CI.
In order to rule out the hypothesis that a low egg hatch rate is due to incompatibilities 
between Southeast Asian and Moorean nuclear genomes rather than CI, uninfected 
Moorean males were crossed to infected Southeast Asian females (control cross two). 
This cross produced a mean egg hatch rate of 0.92, demonstrating that the hybrid 
offspring are viable and no nuclear incompatibility exists (Mann-Whitney U test 
comparing medians. Test cross 1 vs. control cross 2: U = 0, ni = 11, n2 = 17; p < 0.05). 
Further to this uninfected Moorean males were also mated with uninfected Moorean 
females (control cross three) in order to determine whether a low hatch rate in test cross 
one was due to the uninfected Moorean females being sterile. These females produced a 
mean egg hatch rate of 0.81 indicating that uninfected Moorean females are not 
generally sterile (Mann-Whitney U test comparing medians. Test cross 1 vs. control 
cross 3: U = 0, nj = 11, n2 = 22; p < 0.05).
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3.5.3 Does wBoll in Moorean H. bolina induce CI?
When hybrid males with the Polynesian wBoll infection were mated to uninfected 
Moorean females a mean egg hatch rate of 0.05 was produced (test cross two). This 
compares to the mean egg hatch rate of 0.72 obtained when infected introgressed 
Moorean males mate with infected Moorean females (control cross four) (Mann- 
Whitney U test comparing medians. Test cross 2 vs. control cross 4: U = 1, ni = 20, n2 = 
2; p < 0.05). This test cross can also be compared to control cross five where infected 
introgressed Moorean males are mated to infected introgressed Moorean females which 
give a mean egg hatch rate of 0.76 (Mann-Whitney U test comparing medians. Test 
cross 2 vs. control cross 5: U = 15, nj = 20, n2 = 17; p < 0.05)
3.5.4 In the case that wBoll in Southeast Asia and Moorea induces CI, can wBoll in 
Moorea rescue CI induced by Southeast Asian wBoll? and vice versa, can wBoll 
infection in Southeast Asia rescue CI induced by wBoll in Moorea?
When infected Southeast Asian males were mated to infected Moorean females in test 
cross three, a mean egg hatch rate of 0.81 was produced. This compares to control cross 
four where infected Moorean females are mated to the created infected Moorean males -  
producing a egg hatch rate of 0.72 (Mann-Whitney U test comparing medians. Test cross 
3 vs. control cross 4: U = 10.5, nj = 12, n2 = 2; ns). Test cross four, where infected 
introgressed Moorean males were mated with infected Southeast Asian females, 
produced a mean egg hatch rate of 0.84. This can be compared to the egg hatch rate of
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0.80 produced when infected Southeast Asian females are crossed to infected males 
from Southeast Asia (control cross one) (Mann-Whitney U test comparing medians. Test 
cross 4 vs. control cross 1: U = 308.5, ni = 14, n2 = 50; ns). Both crosses therefore 
demonstrate that each population can rescue the CI induced by the other and produce a 
normal egg hatch rate.
I l l
3.6 Discussion
3.6.1 Summary
This chapter demonstrates that the Wolbachia strain wBoll is capable of causing male- 
killing and inducing cytoplasmic incompatibility - the first clear evidence of 
intraspecific pluripotency of Wolbachia. Surviving infected males from host 
populations that have evolved suppression of the male-killing action produced no 
offspring when mated to uninfected females.
The CI induced may have emerged following suppression of the male-killing function as 
infected male hosts survive, or have evolved in response to suppression. These 
hypotheses were evaluated by creating infected males from a population where wBoll is 
an active male-killer. When hybrid males carrying the Moorean wBoll infection were 
mated to uninfected Moorean females, they also induced strong CI. This demonstrates 
not only that where male-killing is suppressed wBoll induces CI, but that the bacteria 
maintain the ability to do so in actively male-killing populations. CI is therefore an 
emergent property of wBoll.
3.6.2 Population dynamics
It can be argued that if a phenotype is not being expressed, it should degrade by 
selection or mutation. Theory predicts that a strain with both CI and male-killing actions
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will lose CI once male-killing has reached 100% efficiency, as there are no infected 
males (Hurst et al., 2002). There are two possible explanations as to why the Cl- 
inducing ability has not been lost in populations of H. bolina where wBoll is an active 
male-killer. First, the association is not old enough for the Cl-inducing ability to 
degrade. Historical data supports this hypothesis by indicating that French Polynesian 
populations of H. bolina have a relatively young association with wBoll (see Chapter 5). 
In host populations were male-killing is suppressed, CI may have been induced before 
degradation occurred.
The alternative explanation is that there is a functional link between the mechanisms of 
CI and male-killing, and that any surviving infected males (resulting from inefficient 
action) from a male-killing population will induce CI. Should this be the case it would 
corroborate earlier findings in Drosophila bifasciata discussed in section 3.6.2 (Hurst et 
al., 2000). Further to this, it seems possible that other bacterial strains currently 
inducing CI in the host may have expressed male-killing in the past but the host now 
suppresses this action. The occurrence of other pluripotent strains could be tested 
through further introgression or transinfection experiments.
3.6.3 Further consequences of discovering a pluripotent Wolbachia
Given that there may be a relationship between the mechanisms of male-killing and CI, 
or even given simply the finding that one strain can have two manipulations, this 
presents a problem for comparative genomics. It is no longer satisfactory to compare the 
genomes of strains expressing different phenotypes (in the hope of uncovering genomic
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differences underlying the phenotypic differences) as it is possible that these strains may 
be pluripotent and retain the genes responsible for both phenotypes.
This finding may also confound studies modelling the relative frequency of male-killing, 
CI etc. in nature. It is likely that there are more bacterial strains which have the ability 
to induce CI or cause male-killing than are observed. CI may be masked in many 
species by male-killing, and male-killing may be masked by host suppression. It is also 
possible that other phenotypes display similar patterns.
3.6.4 Future studies
In addition to determining that a reproductive manipulation is still employed, 
understanding of the population dynamics of the male-killer suppressed populations of
H. bolina necessitates investigation of the presence or absence of direct effects of 
infection (see Chapter six). Direct effects are observed in other male-killer-host 
interactions and therefore the presence of such effects should be addressed in this 
system.
Finally, observing a natural change in phenotype over time associated with suppression 
-  from male-killing to CI -  leads to two questions. First, how has the infection 
frequency in the host population changed since the male-killing action has been 
suppressed? Comparisons of current prevalence estimates with historical prevalence 
data suggests that infection prevalence has increased in Southeast Asia (Clarke et al., 
1975; Charlat et al., 2005). This can be investigated further using data obtained from
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ancient DNA (see Chapter five). Second, what is the rate of spread of a host suppressor 
of male-killing action through a host population and how is this affected by 
pluripotence? The theoretical timescale involved in such a situation is addressed in the 
next chapter where a hypothetical population is simulated.
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Chapter four: Simulating the rate of 
spread of a male-killer 
suppressor
Parts of this chapter have been published in Hornett et aL, 2006
4.1 Summary
Some populations of H. bolina in Southeast Asia have evolved suppression of the male- 
killing strain of Wolbachia, wBoll (Chapter two). Contrary to the current situation, 
historical data indicates that as recently as 30-40 years ago male-killing was evident in 
Southeast Asia in 80-90% of female hosts (Clarke et a l, 1975). In order to determine 
whether a dominant suppression gene could spread to high frequency through a male- 
killed host population within this time period, simulations were performed. These 
demonstrate that a dominant suppression gene can indeed spread rapidly, reaching a 
95% frequency in the host population within 55 host generations when the initial 
infection prevalence is 80%. The rate of spread of the suppression gene is found to be 
affected by the initial infection prevalence in the host population, the dominance of the 
suppressor, the ability of the infection to also induce CI in surviving males that have the 
suppressor, and the presence of a cost of suppression. Particularly interesting is the 
finding that at low initial infection prevalence, the ability of wBoll to induce CI in males 
that have the suppressor inhibits the spread of the suppressor. Thus, modifiers that 
suppress male-killing in host populations with a low prevalence pluripotent infection 
may not be able to spread. The findings presented here demonstrate that male-killer- 
host interactions are highly dynamic and that the host can respond to the parasite rapidly.
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4.2 Introduction
Early biologists, including Darwin, considered evolution a slow and gradual process. 
Only within the last 50 years has this view been challenged. It is now widely recognised 
that the rate of evolution can be rapid -  the rate depending on the strength of selection,
(hostJx>pulation structure and history. 
4.2.1 Rapid evolution
Many of the cases of rapid evolution documented to date are the result of anthropogenic 
change. Industrial melanism in the peppered moth Bistort betularia, is a famous 
example (Kettlewell, 1955). The widespread genetic resistance of insecticides is another 
(reviewed in Wood, 1981). It is rarer to observe rapid selection occurring which is 
purely a natural event. A textbook example of rapid adaptation to natural local 
conditions is the small freshwater guppy fish of Trinidad, Poecilia reticula}/. In streams >' 
where guppies coexist with a large predatory cichlid, Crenicichla alt a, they mature 
faster, are smaller and have more offspring than guppies that live in streams with a 
different predator, the small killifish Rivulus haarti. In order to ascertain the speed with 
which these adaptations had evolved, researchers removed fish from a stream inhabited 
by cichlids and placed them in a stream that was devoid of guppies and had only 
killifish. They discovered that within 11 years, or 18 guppy generations, the introduced 
fish had evolved traits like those of the fish that naturally coexisted with the killifish 
(Reznick et al., 1997).
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Although this example illustrates that natural selection can work rapidly when selection 
pressures are strong, the tempo of evolution was only discovered by experimentation -  
repeating the selective forces in order to replay evolution. Observing natural selection 
occurring in real-time is even rarer.
4.2.2 Host-parasite Interactions
In order to observe natural selection occurring, one prerequisite is that there must be 
strong selection pressure. Host-parasite interactions often involve strong selection 
pressures between the two parties - leading to an arms race and accelerated rates of 
adaptation. One model of evolution to describe the interaction between host and parasite 
is termed the Red Queen hypothesis (Van Valen, 1973) - referring to the character in 
Through the Looking Glass and what Alice found there by Lewis Carroll (Carrol, 1872). 
The Red Queen takes Alice on a long run which doesn’t lead anywhere:
“ ... here, you see, it takes all the running you can do, to keep in the same place. ”
Hosts and parasites experience a high rate of evolution, but the net result can be no 
observable change in terms of organismal function. As long as the parasite remains 
parasitic however, selection pressures remain on the host to resist the parasite, and on 
the parasite to increase its fitness and spread. Rapid adaptation of one party to the other 
therefore often ensues.
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4.2.3 Selfish genetic elements
Selfish genetic elements (SGEs) are typically parasitic as they have evolved traits which 
enhance their own transmission despite conferring costs to their hosts. Early population 
genetic models predict that by manipulating the host they can invade and spread through 
populations to high frequency and fixation (Hamilton, 1967).
As mentioned previously, where a SGE is uniparentally inherited it is under strong 
selection to bias the host sex ratio towards that of the transmitting sex (Hamilton, 1967). 
The deviation away from the Fisherian evolutionary stable sex ratio of 1:1 is selected 
against in the host. Fisher’s principle states that any deviation from a 1:1 sex ratio 
results in the rarer (non-transmitting) sex having increased fitness relative to the 
alternate sex as the rarer sex is able to have more offspring per capita. In other words, 
should the SGE alter the sex ratio so that females outnumber males, any male produced 
will have a multitude of females to mate with. Hence any modifier in the host that 
restores production of the rarer sex (in this case, males) will be selected for. Sex ratio 
distorters therefore induce strong selection upon their hosts to restore the sex ratio to 
unity. Hosts infected with a male-killer are under selection to rescue males as they have 
high fitness associated with being the rare sex, but also because half of the offspring die. 
These conditions may favour rapid evolution of the host to resist. The strength of 
selection on the host to resist a sex ratio distorter is highest when the sex ratio distorter is 
at high prevalence in the host population. Fixation of fully penetrant sex ratio distorters 
results in the extinction of their host (should the host still require sex) due to the 
elimination of the non-transmitting sex.
Where the SGE does not evolve the capacity to distort the sex ratio of the host, it can 
manipulate the host’s reproduction in other ways, for example by inducing CI. Cl- 
inducing bacteria increase the fitness of infected female hosts relative to uninfected 
females in the population by inducing incompatibility between infected males and 
uninfected females. This ensures that infected female hosts have a reproductive 
advantage and thus increase in frequency -  increasing the frequency of the infection as a 
consequence. In contrast with sex ratio distorting SGEs, Cl-inducing bacteria upon 
fixation in the host stop causing damage as uninfected females no longer exist.
Therefore there is less selection on the host to resist the Cl-inducing SGE at high 
prevalence.
4.2.4 Examples of rapid evolution of selfish genetic elements
Sex-linked meiotic drive, common in many Drosophila species, arises when a mutation 
occurs on one of the sex chromosomes that increase the likelihood of it fertilising 
offspring. Y-linked driving chromosomes cause X chromosome-bearing sperm to 
decay, leaving mostly only functional Y-bearing sperm to fertilise the egg. In species 
that are male heterogametic, this means males with the drive will only produce sons. If 
the mutation is also heritable, and mating random within the population, the males with 
Y-linked drive will have a strong selective advantage allowing it to spread rapidly 
through the population. The population sex ratio will hence become increasingly male- 
biased until the last female mates with a Y-drive bearing male. This scenario is 
theorised to occur within 15 generations of the host if females produce only two 
offspring each (obviously an assumption that fails in many systems). This theory
demonstrates that by disturbing the evolutionary stable sex ratio, the factor responsible 
can spread rapidly. X-linked drivers (which are more common) are theorised to spread 
more slowly as selection is weaker as the X chromosome occurs in both sexes and is 
thus subject to drive only intermittently (Hamilton, 1967).
Further examples include models predicting rapid rates of evolution of cytoplasmic male 
sterility (CMS) factors (Frank, 1989) and P elements. P elements, a class of 
transposable element, are present worldwide throughout populations of Drosophila 
melanogaster. The spread of P elements through this host species is thought to have 
occurred in less than 50 years. However, it has been argued that this rapid spread is 
associated with human activities and so perhaps not representative of the natural rate of 
spread of the element itself through the host -  another example where observable rapid 
evolution is linked with anthropogenic change (Engels, 1992). However, a later study 
indicates natural rapid spread of P elements through populations of another Drosophila 
species D. willistoni. These flies are not commensal with humans and molecular 
evidence demonstrates that in this species P elements have essentially identical sequence 
- exhibiting patterns typical of a recent and rapid population expansion (Silva &
Kidwell, 2004).
Empirical evidence also exists for Cl-inducing bacteria (Wolbachia strain, wRi) in 
Californian Drosophila simulans, which has spread at a rate of 100km per year. Within 
three years, populations of the host where the infection was rare became almost 
completely infected. Reasons for this rapid rate of spread can be attributed to the 
phenotype expressed by the infecting agent. CI, as mentioned previously, allows
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infected females to mate with any male, whereas uninfected females are only compatible 
with uninfected males. This relative reproductive advantage for infected females allows 
the infection to spread successfully through the host population (Turelli & Hoffmann, 
1991).
4.2.5 Rapid evolution of suppressor spread
Whilst the spread of SGEs has been observed, albeit rarely, it is even less common to 
observe suppressor spread. Nevertheless, theory indicates that suppressors of sex ratio 
distorters should be highly selected for as they restore the rare sex which has higher 
fertility in the population (Fisher, 1930; Hamilton, 1967). Sex-linked meiotic drive 
creates selection pressures upon the sex chromosome which is not driven. A driving X 
chromosome in heterogametic males will select for a modifier on the Y chromosome to 
resist the drive as Y chromosomes are eliminated by the driving X chromosome. 
Modifiers that increase the transmission of the Y chromosome are therefore expected to 
spread through the host population (Thomson & Feldman, 1975). Due to the sex ratio 
bias created by the drive, there is also selection on the autosomes to restore the host sex 
ratio to 1:1 (Hamilton, 1967). Drosophila simulans has provided a wealth of evidence 
of sex ratio distorting drive and suppressor factors. Autosomal suppressors are thought 
to be polymorphic within natural populations of this species, and Y chromosomes are 
thought to be monomorphic, as suppressing Y chromosomes will always invade a 
population with a driving X chromosome. Experiments on artificial populations have 
demonstrated that resistant Y chromosomes can indeed spread rapidly (Capillon &
Atlan, 1999; Atlan etaL, 1997).
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4.2.6 Dynamics in the H. bolina-Wolbachia association
In contrast to the lack of observable evidence that a SGE can rapidly invade and spread 
through a host population, the H. bolina-Wolbachia association in Southeast Asia 
presents a remarkable case of suppressor invasion. Here, the host has responded to the 
parasite apparently within an observer’s lifetime. As previously mentioned, Clarke et 
al.’s paper in 1975 documents the presence of a cytoplasmic male-killer at 80-90% 
prevalence within H. bolina populations of Hong Kong and Borneo in Southeast Asia 
(Clarke et al., 1975). Today, a Wolbachia infection (strain wBoll) exists in these 
localities and in surrounding populations at near fixation but does not kill males 
(Chapter two). Surviving infected males are found to induce Cl instead (tested in 
Philippine and Thai populations, Chapter three). The recent finding that these 
Southeastern populations have evolved suppression of male-killing action (Chapter two) 
suggests that in the 1970s in Borneo and Hong Kong, the H. bolina populations sampled 
by Clarke et a l were infected with the same Wolbachia strain present today, but which 
have now been suppressed. Therefore, in Borneo and Hong Kong at least, the 
suppression of the action of the male-killer has evidently evolved within the last 30-40 
years. To support or refute this observation, the speed with which the suppressor 
spreads in natural populations can be inferred by performing simulations.
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4.3 Aims
1. To determine the number of generations it takes for the frequency of a dominant 
suppressor of male-killing (R) to increase from 0.5% (0.005) to 95% (0.95) in a 
panmictic diploid host population.
2. To investigate how the initial prevalence of the male-killing infection affects the 
rate of evolution/spread of the suppressor.
3. To establish whether the dominance of the suppressor affects its rate of 
evolution/spread.
4. To ascertain whether pluripotent strains able to induce Cl in rescued males affect
the rate of evolution/spread of the suppression gene.
5. To determine the effect of a cost of suppression upon:
a) the conditions of invasion of a suppressor
b) the rate of evolution/spread of a suppressor
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4.4 Method
A discrete time model was constructed of suppressor spread, allowing suppression and 
infection frequency to vary. Recursions were derived to examine the spread of a 
zygotically acting single locus dominant suppressor of male-killing, and these were 
iterated in Excel. Variables investigated included initial male-killing infection 
prevalence, dominance of the suppressor (/*), presence/strength of Cl induced by 
surviving males (s), and a cost of suppression (c) (Table 4.1).
Parameter Description
Initial prevalence of the male-killer 0.8 unless otherwise stated
in the female host population
Dominance of suppression, h h = 0 (suppression gene is completely recessive) to 
h = 1 (suppression gene is completely dominant)
Survival rate following Cl, 5 5 = 0 (complete Cl, all offspring die) to 
5 = 1 (no Cl, all offspring survive)
Cost of suppression, c c = 0 (no cost of having the suppression gene) to 
c = 0.1 (high cost of having the suppression gene)
Table 4.1 Variables examined in the simulation
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4.4.1 Assumptions
I have made five assumptions:
1. Male-killing action is complete; infected males die if no suppressor present
2. Perfect vertical transmission of the male-killing infection
3. No benefit to male-killing
4. Mendelian segregation of the suppressor
5. Cl only occurs when infected males mate with uninfected females
4.4.2 Model construction
Table 4.2 details the classes of host included in the model. There are five classes of 
male and six classes of female. These vary in infection status and genotype of 
suppression. Note that male offspring killed by the male-killer are excluded from the 
simulation. For instance, all of the offspring from the Umrr x IfRr cross would have 
inherited the male-killing infection, but only half would have inherited the suppression 
gene (R). Half of the males which are homozygous for the wild-type gene will therefore 
die (Imrr), and half will survive as they have suppressed the male-killer (ImRr). All of 
the females from this cross would survive.
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Classes of individual Type Frequency
Male infected with wBoll and homozygous for the suppression gene ImRR Ml
Male infected with wBoll and heterozygous for die suppression gene ImRr M2
Male uninfected and homozygous for the suppression gene UmRR M3
Male uninfected and heterozygous for the suppression gene UmRr M4
Male uninfected and homozygous for the wild-type gene Umrr M5
Female infected with wBoll and homozygous for the suppression gene IfRR FI
Female infected with wBoll and heterozygous for the suppression gene IfRr F2
Female infected with wBoll and homozygous for the wild-type gene Ifrr F3
Female uninfected and homozygous for the suppression gene UJRR F4
Female uninfected and heterozygous for the suppression gene UJRr F5
Female uninfected and homozygous for the wild-type gene Ufrr F6
Table 42  Class, type and frequency of individuals in the population. Note: Type Imrr is not 
included in this model as the individuals with this genetic make-up would not survive. They are 
killed by the male-killing action of wBoll as they have no suppression gene.
The individuals in the simulated host population mate randomly producing offspring 
frequencies as shown in the crossing scheme (Table 4.3). A recursion equation for each 
genotype frequency was calculated by summing the frequencies of the genotypes as they 
occurred in the offspring (Table 4.4). As death occurs in some crosses when Cl or male- 
killing is present in the model, the resultant equations for each genotype (M1-M5 and 
F1-F6) will not sum to one. Each numerator representing newly produced progeny was 
therefore divided by the normalisation coefficient (the sum of all genotype equations 
within a sex). With respect to normalisation, male and female frequencies were 
considered separately.
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Males Ml M2 M3 M4 M5
Females ImRR ImRr UmRR UmRr Umrr
FI IJRR ImRR IfRR 0.5 ImRR 0.5 ImRr
0.5IfRR
0.5IfRr ImRR IfRR
0.5 ImRR 
0.5 ImRr
0.5 IfRR 
0.5 IfRr ImRr IfRr
F2 IJRr 0.5 ImRR 0.5 ImRr
0.5 IfRR 
0.5 IfRr
0.25 ImRR 
0.5 ImRr
0.25 IfRR 
0.25 Ifrr 
0.5 IfRr
0.5 ImRR 
0.5 ImRr
0.5 IfRR 
0.5 IfRr
0.25 ImRR 
0.5 ImRr
0.25 IfRR 
0.25 Ifrr 
0.5 IfRr
0.5 ImRr 0.5 Ifrr 0.5 MRr
F3 Ifrr ImRr IfRr 0.5 ImRr 0.5 Ifrr 0.5 IfRr ImRr IfRr 0.5 ImRr
0.5 Ifrr 
0.5 IfRr 0 Ifrr
F4 UfRR UmRR UfRR 0.5 UmRR 0.5 UmRr
0.5 UfRR 
0.5 UfRr UmRR UfRR
0.5 UmRR 
0.5 UmRr
0.5 UfRR 
0.5 UfRr UmRr UfRr
F5 UfRr 0.5 UmRR 0.5 UmRr
0.5 UfRR 
0.5 UfRr
0.25 UmRR 
0.5 UmRr 
0.25 Umrr
0.25 UfRR 
0.25 Ufrr 
0.5 UfRr
0.5 UmRR 
0.5 UmRr
0.5 UfRR 
0.5 UfRr
0.25 UmRR 
0.5 UmRr 
0.25 Umrr
0.25 UfRR 
0.25 Ufrr 
0.5 UfRr
0.5 UmRr 
0.5 Umrr
0.5 Ufrr 
0.5 UfRr
F6 Ufrr UmRr UfRr 0.5 UmRr 0.5 Umrr
0.5 Ufrr 
0.5 UfRr UmRr UfRr
0.5 UmRr 
0.5 Umrr
0.5 Ufrr 
0.5 UfRr Umrr Ufrr
Legend:
/ Infected
U Uninfected
m Male
f Female
R Dominant suppression gene
r Recessive wild-type gene
Table 4 3  Crossing scheme showing progeny types from all cross combinations, assuming Mendelian segregation of the suppressor, perfect vertical 
transmission, and death of infected males lacking the suppressor.
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An initial male-killing infection prevalence value was chosen for the host population, 
and the corresponding genotype frequencies entered into the equations to formulate the 
frequencies of these genotypes in the next host generation. Simulations were initialised 
with no infected males in the population and the suppressor gene (R) present in 
heterozygous females only, with equal relative frequency of 0.5% in the infected and 
uninfected females. Initial male-killer prevalence and the corresponding genotype 
frequencies can be found in Table 4.5.
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F1 F2 F3 F4 F5 F6 M1 M2 M3 M4 MS
Initial male* M
normkilling infection IfRR IfRr Ifrr U1RR UIRr Ufrr
F
norm ImRR ImRr UmRR UmRr Umrrprevalence (%)
1 0 0.0001 0.0099 0 0.0099 0.9801 1 0 0 0 0 1 1
5 0 0.0005 0.0495 0 0.0095 0.9405 1 0 0 0 0 1 1
10 0 0.001 0.099 0 0.009 0.891 1 0 0 0 0 1 1
20 0 0.002 0.198 0 0.008 0.792 1 0 0 0 0 1 1
30 0 0.003 0.297 0 0.007 0.693 1 0 0 0 0 1 1
40 0 0.004 0.396 0 0.006 0.594 1 0 0 0 0 1 1
50 0 0.005 0.495 0 0.005 0.495 1 0 0 0 0 1 1
60 0 0.0061 0.594 0 0.004 0.396 1 0 0 0 0 1 1
70 0 0.007 0.693 o 0.003 0.297 1 0 0 0 0 1 1
80 0 0.008 0.792 0 0.002 0.198 1 0 0 0 0 1 1
90 0 0.009 0.891 0 0.001 0.099 1 0 0 0 0 1 1
100 0 0.01 0.99 0 0 0 1 0 0 0 0 1 1
Table 4.5 Starting genotype frequencies for different initial male-killing infection prevalence
4.4.3 Calculating the frequency of the suppression gene
As the simulations run, the frequency of the suppression gene for each generation is 
calculated by adding the frequency of the genotypes where the suppression gene 
appears. Where the genotype is homozygous dominant (RR) the genotype frequency is 
used, where heterozygous (Rr), the genotype frequency is divided by two. This was 
performed for males and females separately. As an index of rate of spread, the number 
of host generations it takes for the frequency of the suppression gene to spread to 0.95 
(95%) was identified. The frequency in males and females are similar and these 
analyses always use the frequency in females.
4.4.4 Altering the parameters
4.4.4.1 Initial male-killing infection prevalence
The basic model used an initial male-killing infection prevalence of 80%. This value 
was taken as it represents real data gathered in the 1970s (Clarke et al., 1975). In order 
to understand the effect of altering the initial male-killing infection prevalence on the 
rate of spread of the suppression gene, a range of prevalence values was used in 
subsequent simulations.
4.4.4.2 Dominance o f the suppression gene
To determine whether dominance of a male-killer suppressor gene (R) affects the rate of 
spread, the factor h was introduced. Where h -  1 dominance is complete and all males 
that inherit the gene are saved (they are not killed by the male-killer), regardless of
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whether they are RR or Rr. Where h = 0 the suppression gene is recessive and therefore 
only when a male inherits two copies of it are they saved, infected rr and Rr males are 
therefore killed by the male-killer.
4.4.43 The effect o f C l
The factor s was introduced into the simulation in order to investigate the effect of Cl 
induced by infected surviving males following the spread of the suppression gene. Cl is 
masked when the suppressor gene is absent as infected males are killed. Factor s 
denotes the survival rate following Cl in an infected male x uninfected female cross. 
Where 5= 1 there is no incompatibility between infected males and uninfected females 
and thus all offspring survive. Where s = 0 Cl is complete and all offspring from the 
affected cross die.
4.4.4.4 Cost o f the suppression gene
A cost (c) of having the suppression gene was also introduced to the simulation. The 
cost is the same whether the individual is homozygous or heterozygous for R, i.e. having 
two copies of R does not increase the cost. Cost values of between 0 and 0.1 were 
chosen to reflect that should any cost be present in natural populations it is unlikely to be 
very high. The cost of suppression in this model is assumed to be borne by both males 
and females equally.
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4.5 Results
4.5.1. Determine the number of generations it would take for the frequency of a 
dominant suppression gene (R) to increase from 0.5% (0.005) to 95% (0.95) in a 
panmictic diploid host population with initial prevalence of 80%, and no Cl.
Parameter Value
Initial infection prevalence (%) 80
Dominance, h 1
Cl survival rate, s 1
Cost of suppression, c 0
Table 4.6 Variables examined in order to determine the number of generations it would take for 
the frequency of the suppression gene (R) to increase from 0 .5% (0.005) to 95% (0 .95) in 
females in a diploid host population.
For the most basic model, the suppressor gene is fully dominant (h = 1), there is no Cl in 
the population (k = 1), and no cost of suppression (c = 0). When the initial male-killing 
infection prevalence in the host female population is 80%, the suppression gene spreads 
from 0.005 to 0.95 frequency in females within 55 generations. A frequency of 0.99 is 
reached in 178 host generations (Figure 4.1).
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Figure 4.1 The spread o f a dominant suppression gene (R). The frequency of R reaches 95% in 
55 generations (indicated by a star) and 99% in 178 generations of the host female. The initial 
male-killing infection prevalence is 80%, there is no cost o f suppression (c = 0) and no Cl (s = 
1).
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4.5.2 How does the initial prevalence of the male-killing infection affect the rate of 
evolution/spread of the suppression gene?
Parameter Value(s)
Initial infection prevalence (%) 5 -100%
Dominance, h 1
Cl survival rate, s 1
Cost of suppression, c 0
Table 4.7 Variables examined in order to determine the effects of varying the initial male-killing 
infection prevalence on the rate of spread of the suppression gene.
When varying the initial male-killing infection prevalence from 5% to 100% in the host 
population, the number of generations it takes for the suppression gene to spread from 
0.005 to 0.95 frequency in females drops steeply from 1031 generations when the initial 
prevalence is 5%, to 251 generations when initial prevalence is 20%. It takes under 100 
generations when the initial prevalence is 50% (Figure 4.2).
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Figure 42  The number of host generations for the frequency of the dominant suppression gene 
(R) to spread from 0.005 to 0.95 when the initial male-killing infection prevalence in the 
population varies from 5% to 100% (fixation). There is no cost of suppression (c = 0) and no Cl 
( 5 = 1 ) .
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4.5.3 Does altering the dominance of the suppressor gene affect the rate of spread 
through the host population?
Parameter Value(s)
Initial infection prevalence (%) 80
Dominance, h 0,0.5 & 1 (Fig. 4.3)
0 - 1  (Figs. 4.4 &4.5)
Cl survival rate, s 1
Cost of suppression, c 0
Table 4.8 Variables examined in order to determine the effect of altering the dominance of the 
suppression gene on the rate of spread.
The spread of a recessive suppressor (h=0), a partially dominant suppressor (h=0.5) and 
a dominant suppressor (h=1) is presented in Figure 4.3 (initial infection prevalence is 
80%). The spread of a recessive suppressor initially has a lag phase due to the lack of 
expression (the suppressor only exists in heterozygotes). Once suppressor homozygotes 
are created at moderate frequency there is a rapid increase in frequency to fixation. A 
dominant suppressor initially increases rapidly as it is expressed in heterozygotes. A 
long lag phase then ensues, delaying fixation, due to a lack of selection against the wild- 
type gene which is largely present in heterozygotes and hence not expressed. A gene 
with intermediate dominance has the highest rate of spread through the host population 
as it avoids the lag phases seen for the fully recessive and dominant genes.
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Figure 4.3 The spread of a recessive (h = 0), a partially dominant (h = 0.5) and a dominant (/t = 
1) suppressor gene in a host population. Initial infection prevalence is 80%, there is no cost of 
suppression (c = 0) and no Cl (s = 1). Note: the dominant gene (h = 1) trajectory is also 
displayed in Figure 4.1.
The effect o f varying the dominance of the suppressor gene (R) on the number of 
generations it takes the gene to increase in frequency from 0.005 to 0.95 is shown in 
Figure 4.4. The initial male-killer prevalence is kept at 80% and there is no cost of 
suppression (c = 0), and no Cl (5= 1). Initially, the number of host generations required 
for R to spread in frequency from 0.005 to 0.95 in female hosts rapidly decreases with 
increasing dominance. A recessive suppressor (h = 0) takes 217 host generations to 
spread to 95% of females, decreasing to 63 generations when the gene has slight 
dominance (h = 0.025). When dominance (h) reaches 0.1 the pattern changes and the
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rate levels out as dominance increases, maintained at approximately 25 generations. At 
high dominance the number of generations increases slightly again so that at complete 
dominance (h = 1) it takes 55 host generations to spread to 0.95 of females.
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Figure 4.4 The number of generations for the frequency of the suppression gene (R) to increase 
from 0.005 to 0.95, when varying the dominance (h) of the suppression gene. The initial 
prevalence of the male-killing infection is 80%, there is no cost of suppression (c -  0) and no Cl
(s=l).
It is also observed that at low initial male-killer prevalence (for example 20%), the 
pattern remains the same, with a sharp increase in the rate of spread of the suppressor 
followed by high rate of spread when the suppressor is partially dominant and a slight 
decrease again in the rate as the suppressor reaches dominance. However, at 20% initial
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prevalence the rate is substantially lower than when the initial prevalence is 80%. For 
example, when the suppressor is recessive, with an initial prevalence of 20% it takes 
3276 generations for the frequency of R to increase to 0.95 compared to 217 generations 
when initial prevalence is 80% (Figure 4.5).
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Figure 4.5 The number of generations for the frequency of the suppression gene (R) to increase 
from 0.005 to 0.95, when varying the dominance (h) of the suppression gene. A low initial 
prevalence of the male-killing infection (20%) is compared to a high prevalence (80%). There is 
no cost of suppression (c = 0) and no Cl (5=1).
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4.5.4 How does the introduction of Cl (induced by surviving wBoll infected males) 
into the host population affect the rate of spread of the suppression gene?
Parameter Value(s)
Initial male-killer prevalence (%) 80 (Fig. 4.6)
5,10,40 & 80 (Figs. 4.7 & 4.8)
0 -1 0 0  (Fig. 4.9)
Dominance, h 1
Cl survival rate, s 0,0.33,0.67 & 1 (Figs. 4.6 & 4.7)
0 - 1  (Figs. 4.8 &4.9)
Cost of suppression, c 0
Table 4.9 Variables examined in order to determine how the introduction of Cl into the host 
population affects the rate of spread of the suppression gene.
Figure 4.6 A-D displays the effect of Cl and initial infection prevalence upon the rate of 
spread of the suppressor. When there is no Cl, the rate of increase in frequency of the 
suppressor declines over time, with high frequency being reached rapidly but fixation 
achieved only after a much longer period. As initial infection prevalence increases, the 
rate of spread of the suppressor increases. At intermediate levels of Cl (s = 0.33 and s = 
0.67) there is a rapid increase in frequency of the suppressor and fixation is attained at a 
faster rate than when no Cl is induced. Again, as initial prevalence increases, the rate of 
spread of the suppressor increases.
The rate of spread of the suppressor when complete Cl is induced differs depending on 
the initial infection prevalence. At 5% initial infection prevalence the suppressor goes 
through a long lag phase of approximately 3000 generations and then increases rapidly
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to fixation. The length of this lag phase decreases as initial infection prevalence 
increases until at 80%, the rate of spread of the suppressor resembles the trajectory 
displayed when the Cl level is intermediate or indeed when there is no Cl. Generally, as 
initial infection prevalence increases, the rate of spread of the suppressor when Cl is 
present (at any level) becomes closer to that when there is no Cl present. Increasing 
initial infection prevalence always increases the rate at which the suppressor frequency 
increases, regardless of the presence or level of Cl. The lag phase seen when Cl is 
complete and initial prevalence is low is due to surviving infected males not gaining full 
advantage of being rare. If infection prevalence is low this means that most females in 
the population are uninfected. Surviving infected males will therefore mostly mate with 
uninfected females and no offspring will be produced as the cross is incompatible.
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Figure 4.6 Rate of spread of a dominant suppressor gene (7?) in a host population infected with a 
pluripotent Wolbachia which induces Cl when male-killing is suppressed. Panel A: 5% initial 
prevalence; B: 10%; C: 40% and D: 80%. Strength of Cl is varied: 5=0 (complete Cl); 5=0.33, 
5=0.67 and 5=1 (no Cl). There is no cost of suppression (c = 0). Note that the x axis scale differs 
in each graph of the panel.
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Cl also has an interesting effect upon the prevalence of the infection within females 
(Figure 4.7 A-D). Where there is no Cl induced by the suppressed male-killing infection 
(5=1), the prevalence of the infection within females remains constant as there is no 
drive from male-killing in this model. However, when Cl is induced by surviving males, 
the prevalence of the infection is driven up to fixation. The level of Cl induced and the 
initial infection prevalence determines the rapidity and trajectory of the increase in 
prevalence.
It is notable that when Cl is complete ( 5  = 0) there is an initial lag phase in the rise in 
infection prevalence. At low and intermediate initial infection prevalence (5%, 10% and 
40%) complete Cl drives up the prevalence of the infection at a slower rate than when 
Cl strength is lower. In contrast, at 80% initial infection prevalence complete Cl drives 
up the prevalence of the infection at a faster rate than when Cl strength is lower.
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Figure 4.7 Rate of spread of a pluripotent Wolbachia infection which induces Cl when male- 
killing is suppressed by a dominant host gene. Panel A: 5% initial prevalence; B: 10%; C: 40% 
and D: 80%. Strength of Cl varies: 5=0 (complete Cl); 5=0.33,5=0.67 and 5=1 (no Cl). There is 
no cost of suppression (c = 0). Note that the X axis scale differs in each graph of the panel.
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In a host population infected at 80% prevalence with a bacterium capable of inducing Cl 
in male hosts that have inherited the suppressor and hence survive, the number of 
generations for the suppression gene (R) to increase in frequency from 0.005 to 0.95 
increases slightly with decreasing levels of Cl (Figure 4.8). Thus, Cl increases the rate 
of spread of the suppressor, albeit not greatly. When there is no Cl in the population 
(5=1; also shown in Figure 4.1) it takes 55 generations of the female host for R to 
increase to a frequency of 0.95 compared to 45 generations when Cl is complete (s = 0). 
Note that from 0 to 0.6 s, where Cl is strong and survival rate of progeny is low, there is 
no variation in the rate of spread of R. In this simulation there is no cost of suppression 
(c = 0).
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Figure 4.8 The number of generations for the frequency of a dominant suppression gene (R) to 
increase from 0.01 to 0.95 in females with varying survival rate of Cl (5). Initial prevalence of 
the male-killing infection is 80% and there is no cost of suppression (c = 0).
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At low initial infection prevalence Cl slows the overall rate of spread of the suppression 
gene (Figure 4.9). At 80% initial infection prevalence and when Cl is complete, it takes 
45 generations for the suppressor to spread to a frequency of 0.95 in females, but when 
the initial prevalence is 10% it takes 1234 generations. Therefore at very low infection 
prevalence the suppressor may not spread at all, because of a high chance of loss via 
drift. The effect of Cl upon the rate of spread of the suppressor decreases with 
increasing initial infection prevalence. At very high initial prevalence the level of Cl 
expressed has little or no effect on suppressor spread.
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Figure 4.9 The effect of varying strength of Cl (s) and the initial infection prevalence upon the 
number of generations for the frequency of the suppression gene to increase from 0.005 to 0.95 
in females. The strength of Cl varies from s=0 (complete Cl) to s=l (no Cl). Initial infection 
prevalence varies from 10-100%. There is no cost of suppression (c = 0).
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4.5.5 Does a cost of suppression impair the rate of spread of the suppression gene?
Parameter Valuefs)
Initial male-killer prevalence (%) 80 (Figs. 4.10 & 4.11)
1,5,10,20,30,40 (Fig. 4.12)
Dominance, h 1
Cl survival rate, s 1 (Figs. 4.10 & 4.11)
0 - 1  (Fig. 4.12)
Cost of suppression, c 0,0.05 & 0.1 (Fig. 4.10)
0 - 1  (Figs. 4.11 &4.12)
Table 4.10 Variables examined in order to determine if a cost of suppression affects its rate of 
spread.
A cost to the host of having the suppression gene does not substantially affect the rate or 
dynamics of spread of the suppressor when the initial male-killing infection prevalence 
is 80% (Figures 4.10 and 4.11). The rate of spread of the suppressor when there is no 
cost (c = 0), a small cost (c = 0.05) and a large cost (c = 0.1) do not differ substantially 
for this male-killing infection prevalence although a cost slightly decreases the rate of 
spread of the suppressor. The number of generations for the suppressor to spread from a 
frequency of 0.005 to 0.95 in females also demonstrates that a cost has small effect on 
the rate. When there is no cost it takes 55 generations; this increases to 66 generations 
when the bearer of the suppression gene incurred a cost of 0.1.
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Figure 4.10 The rate of spread of a dominant suppressor (R) when a cost is imposed upon the 
host bearing the suppressor. Cost varies from c = 0 to 0.05 to 0.1. Initial male-killing infection 
prevalence in the host population is 80% and there is no Cl (s = 1).
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Figure 4.11 The number of generations for a dominant suppressor to increase in frequency from 
0.005 to 0.95 in female hosts when varying the cost of suppression. Initial male-killing infection 
prevalence in the host population is 80% and there is no Cl (s = 1).
In the presence of a cost, a dominant suppression gene can invade a population only 
under certain parameter conditions (Figure 4.12). When infection prevalence of a 
pluripotent bacterium is very low and there is also a cost of suppression, invasion of the 
suppressor into the host population is inhibited. At 1% infection prevalence the 
conditions required for a suppressor to spread are no, or very low, costs of suppression 
and no, or incomplete, Cl. As infection prevalence increases the level of cost of 
suppression and Cl under which the suppressor can invade increases. In very low 
prevalence populations, even if the infection cannot induce Cl, if the suppressor is
Interactions between the inherited bacterium Wotbachia and the butterfly Hypoftnmas bolim 1 5 2
associated with even low levels of cost to the bearer, the suppressor will not invade. At 
40% infection prevalence or higher, the suppressor will invade even if there is Cl and a 
large cost of suppression.
Thus for low prevalence infections a cost of suppression and the ability of the infection 
to induce Cl in surviving infected males are extremely important in determining whether 
a host suppressor of male-killing will invade the population. At higher initial infection 
prevalence, these factors become less important.
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4.6 Discussion
4.6.1 Rate of spread of the suppression gene in Borneo
The simulations performed demonstrate that a dominant host suppressor gene of the 
male-killing action of inherited bacteria can spread very rapidly. With an initial 
infection prevalence of 80% (as suggested by Clarke et al., 1975) in the host population 
the suppression gene spreads to 95% frequency within 55 host generations. This 
decreases to 45 host generations if the infection is pluripotent and Cl is complete. Given 
that H. bolina has on average approximately 7 generations per year (pers. obs.), this 
equates to approximately 7-8 years from the initial mutation to near complete 
suppression.
Given that the initial prevalence of 80% was taken from data of eight females out of nine 
having a male-killer (Clarke et al., 1975), robustness was investigated by varying the 
initial prevalence of the infection in the simulation. It was demonstrated that even with 
an initial prevalence of 50% it takes only 100 host generations for the suppressor to 
spread to 95% frequency. Unsurprisingly, higher initial infection prevalence enables the 
suppressor to spread more rapidly. This model therefore demonstrates that suppression 
of the male-killing action of an inherited bacterium can evolve very rapidly.
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4.6.2 Dominance of the suppression gene
Crossing data presented in Chapter two indicates that the suppression gene is dominant. 
The basic model assumes this, but the effect of dominance upon the rate of spread was 
investigated to produce a wider perspective of suppressor evolution. Simulations 
demonstrate that a recessive suppressor initially experiences a lag phase in its temporal 
trajectory due to the lack of expression in heterozygotes. This is followed by a rapid 
increase in rate until fixation as homozygotes are eventually formed. A dominant 
suppressor does not have the initial lag phase as it is expressed in heterozygotes, 
however once all individuals have the dominant suppressor, as homozygotes or 
heterozygotes, there is no selection against the wild-type allele as it is not expressed and 
the rate of spread of the suppressor slows down. Fixation of a dominant suppressor thus 
occurs later than for a recessive suppressor. A partially dominant suppressor 
experiences the highest rate of spread and becomes fixed in the population first as it is 
expressed to some degree in heterozygotes and also benefits from selection acting 
against the wild-type allele as it does not completely mask its effect. This pattern is 
repeated when initial infection prevalence is altered but supporting the previous 
findings, overall the rate is lower when initial prevalence is lower.
4.6.3 Pluripotent Wolbachia and male-killing suppression evolution
Cl was introduced into the model because of the recent finding that wBoll induces Cl 
when the male-killing phenotype is suppressed by the host (Chapter three). wBoll-
1 5 6
infected males that have inherited the suppression gene induce Cl in crosses to 
uninfected females. This model demonstrates that at high initial prevalence the ability 
of the infection to induce Cl in the host population increases the rate of spread of the 
suppression gene. At 80% initial prevalence and no Cl it takes 55 host generations for a 
dominant suppression gene to spread from 0.01 to 0.95 frequency in females. However 
when u'Boll in surviving males induces complete Cl, it only takes 45 generations. 
Paradoxically, when the infection is pluripotent, host suppression of male-killing 
actually causes the infection to go to fixation due to the drive produced by Cl against 
uninfected females.
At low initial infection prevalence the dynamics are different. The rate of spread of the 
suppressor is impeded by the induction of Cl as surviving males produced by 
suppression of male-killing are incompatible with the majority of the females in the 
population (because the majority of females are uninfected). The spread of the 
suppressor is slow until the infection prevalence increases to a threshold level then the 
rate rapidly increases. Initial infection prevalence is therefore extremely important in 
the dynamics of suppressor spread and infection prevalence if the infection has the 
capability to induce Cl in infected males - speeding spread at high initial prevalence but 
impeding spread at low initial prevalence.
4.6.4 Cost of suppression
If the suppressor gene is associated with a cost to the bearer (female or male), the 
invasion of the suppressor may be impeded. This study has determined that at low
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initial infection prevalence, even a small cost impairs the ability of the suppressor to 
invade the population. As the initial prevalence increases, a suppressor with a higher 
cost can invade.
The strength of Cl also affects the ability of a costly suppressor to invade. A suppressor 
associated with a cost is less likely to invade a population when the infection is 
pluripotent (inducing Cl when male-killing is suppressed). Even when the suppressor is 
associated with a very low cost, invasion will be impeded when strains induce complete 
Cl and are at low initial prevalence.
A cost to male and female hosts was assumed in the model, and this is a cost of a 
systemically produced antitoxin. Alternatively, the model could include a cost of 
suppression that only affects males (uninfected or infected) or only infected males. A 
cost to all males may transpire due to the mechanism of suppression. A suppressor that 
acts by preventing the male-killer recognising (and hence killing) males through 
alterations of the sex determination system may make all males carrying the suppressor 
less fit. All, and only, males in this case would bear a cost of suppression.
Alternatively, a cost may be conferred upon infected males only if suppression involves 
an antitoxin which rescues males but does not restore complete male function -  making 
infected males less fit than uninfected males.
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4.6.5 Implications for the H. bolina- Wolbachia association
The results presented in this chapter suppor^the work presented in this thesis so far. 
Within the last 30 years, H. bolina populations of Borneo and Hong Kong in Southeast 
Asia which had a high prevalence male-killing wBoll infection evolved suppression that 
restored production of male hosts. The suppressor spread rapidly through the host 
population resulting in the current condition of a high prevalence wBoll infection that 
does not kill males. This system thus demonstrates one of the fastest observed examples 
of natural selection at work. But the story continues.. .underlying the male-killing 
phenotype is another manipulation. Cl became evident due to the survival of infected 
males, and wBoll consequently increased in prevalence from 80% (Clarke et al., 1975) 
to near fixation (Charlat et a l , 2005). The infected female host has ‘achieved’ less 
damage (half of the offspring are no longer killed), but has failed to be rid of the 
infection.
4.6.6 Success of Wolbachia
As mentioned before Wolbachia is estimated to be present in -20% of insects (e.g. 
Werren & Windsor, 2000), as well as a variety of other taxa. Within a species 
Wolbachia can achieve high prevalence (e.g. H. bolina: (Dyson & Hurst, 2004) and 
Acraea encedon (Jiggins et al., 2000a)) and be maintained in host populations for long 
periods (e.g. Drosophila innubila: (Dyer & Jaenike, 2004)). The ability of Wolbachia to 
be pluripotent by inducing Cl in infected males that survive male-killing may provide an 
insight into how and why Wolbachia is so successful.
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When at high prevalence a male-killing Wolbachia strain will cause selection in the host 
to suppress its action. Suppression does not remove the infection however as Wolbachia 
has the ability to then induce Cl in surviving males. Cl drives the suppressor up in 
frequency but also drives the infection to fixation. The host therefore removes the effect 
of the male-killer but not the infection itself. Wolbachia in effect has a fail-safe. At low 
initial prevalence, the dynamics of suppression in the presence of Cl are different. If a 
modifier in the host suppressing the action of the male-killer evolves then the emergence 
of Cl in infected males will impede the spread of the suppressor, thus maintaining male- 
killing in the population. Low prevalence pluripotent strains may thus be maintained if 
there is a cost of suppression -  even a very small cost. A suppressor in this case will not 
invade.
4.6.7 Future work
The model presented here is based on a host population infected with a male-killer with 
perfect vertical transmission and no benefit. Leakage of the infection via inefficient 
transmission and fitness compensation (a benefit of male-killing) can be introduced. If 
fitness compensation is bestowed upon infected females relative to uninfected females in 
the host population then suppression by the host of the male-killing action removes this 
advantage. Suppression may therefore be associated with an indirect cost. Infected 
females may benefit by cannibalising their dead male siblings, thus gaining a first meal, 
or by having reduced competition following hatching. Suppression removes this 
compensation and so a trade-off between the benefits of receiving compensation and 
having surviving sons occurs. Under conditions of low initial prevalence and Cl,
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surviving sons have low fitness as there are few infected females in the population 
(infected males are incompatible with uninfected females). Thus, if fitness 
compensation is present in the population the suppressor may not spread as infected 
females will have a lower fitness if their sons survive than if they continued receiving 
fitness compensation through male-killing. At high initial infection prevalence fitness 
compensation is unlikely to have a substantial effect on suppressor spread as surviving 
males are able to reproduce successfully.
It therefore would be interesting to introduce fitness compensation to the model. Fitness 
compensation is known in several systems (although there is no evidence in H. bolina to 
date), most notably in ladybirds. In the ladybird Adalia bipunctata the fitness 
compensation received by infected females through male-killing is estimated as being 
0.16. Therefore, if infected males are rescued by suppression these females will lose 
16% of their daughters (Hurst et al., 1993). If Cl is complete and initial prevalence low, 
infected females will lose more fitness if suppression exists and fitness compensation is 
lost than through the action of male-killing. This may help explain the occurrence and 
maintenance of many male-killer-host associations at low prevalence.
4.6.8 Conclusion
It is therefore again apparent that the H. bolina-wBoll association has the potential to be 
extremely dynamic over time, with rapid evolution of a male-killing suppressor and 
prevalence of the infection. The next chapter empirically investigates several H. bolina 
populations across its range, with a view to uncovering further examples where
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prevalence of the wBoll infection has fluctuated. Ancient DNA techniques 
employed and flux of the male-killer is examined.
Chapter five: Using ancient DNA to reveal 
flux in Hypolimnas bolina- 
Wolbachia associations
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5.1 Summary
Studies of inherited bacteria often involve estimation of prevalence in the host.
However flux within an inherited bacterium-host interaction (variation over time) is 
rarely measured. In order to understand temporal flux in prevalence it is first necessary 
to be able to estimate prevalence in historical samples. In the H. bolma-Wolbachia 
association, prevalence of the bacterium in past populations can be determined by 
consulting historical publications and utilising ancient DNA. The male-killing strain, 
wBoll, in H. bolina is in linkage disequilibrium with haplotype one of the mitochondrial 
COI gene (Dyson, 2002), and thus can be used as an unbiased marker to establish 
prevalence of this infection in past samples. Past and current prevalence estimations can 
then be compared and the trajectory of flux of wBoll determined. Analysis of samples 
from across the Pacific has revealed recent invasions (Tahiti and Ua Huka, French 
Polynesia), falls in prevalence (Viti Levu, Fiji), loss (American Samoa) and stability 
(Independent Samoa and Borneo) of wBoll. The presence of other Wolbachia strains is 
also discussed. The H. bolina-Wolbachia association is revealed to be surprisingly 
dynamic.
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5.2 Introduction
5.2.1 Flux in host-parasite interactions
Whilst the factors responsible for variation in the prevalence of parasites have been the 
subject of many investigations (see Chapter one), for inherited bacteria it is rarely 
understood. It is also not clearly understand how commonly fluctuations in prevalence 
of a parasite occur. In order to estimate prevalence fluctuation over time it is necessary 
to have some knowledge of the interaction in the past. Evidence can come not only from 
historical publications but also from host specimens collected in the past and preserved. 
Recent progress in ancient DNA extraction techniques have allowed samples hundreds 
of years old to be analysed. This DNA has often degraded too much for bacterial 
infections to be directly detected with accuracy, but in some cases other markers can be 
utilised to indirectly determine the presence of a parasite within the host.
5.2.2 Mitochondrial haplotype and male-killer association
Mitochondria are maternally inherited, are thought to be non-recombinant and often 
have high rates of mutation (nucleotide substitution). These features allow an array of 
mitochondrial haplotypes (mitotypes) to evolve within a population resulting in 
polymorphism. Mitochondrial DNA (mtDNA) sequences can therefore be a useful tool 
in evolutionary studies with respect to providing details on the phylogenetic and 
phylogeographic history of a species, or more accurately, of the females of a species.
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However, as mtDNA is maternally inherited it is in linkage disequilibrium with other 
cytoplasmic elements present in the population, including male-killers (Jiggins, 2003). 
This means that within-population investigations of mtDNA diversity can be 
confounded by the presence of such elements as the pattern in diversity seen may reflect 
the evolution and spread of the element rather than that of the mitochondria (Hurst & 
Jiggins, 2005). Theory predicts that male-killing bacteria lacking horizontal 
transmission are likely to decrease intra-population mtDNA diversity during its spread 
though the host population and also at equilibrium - a pattern that may mimic that of a 
genetic ‘bottleneck’ and subsequent expansion to a reduced population size (that of 
infected females) (Johnstone & Hurst, 1996).
Following the invasion of a male-killer such as Wolbachia we would expect to see a 
decrease in mtDNA diversity to the particular mitotype with which the infection was 
first associated (i.e. the mitotype that the first infected female in the population had). 
This could occur as follows: in an uninfected population there are a diverse range of 
mitotypes. After invasion of a male-killer (a single infected host female), an association 
is made between the infection and a particular mitotype (e.g. mitotype one). The 
infection spreads through the population, increasing the number of individuals with 
mitotype one compared to the other mitotypes (i.e. mitotype one becomes the most 
common type). The infected portion of the population is homogeneous with respect to 
the mitotype, and the uninfected portion of the population is still diverse, at this stage.
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If there is inefficient vertical transmission of the male-killing bacterium there is some 
leakage of mitotype one into the uninfected population (this will occur if an offspring 
inherits the mitotype but not the infection from its infected parent). This causes a 
decrease in the diversity of the uninfected population. Mutation and drift will, after a 
time, result in the diversification of the infection-associated mitotype (mitotype one in 
this case) with leakage into the uninfected population due to inefficient transmission 
continuing. Eventually, all mitotypes in the population are derived from the mitotype 
(mitotype one) of the originally infected individual (Dyson, 2002). However, if vertical 
transmission were perfect, we would expect all infected individuals in the population to 
have a unique ‘private’ mitotype as there would be no leakage from or to the uninfected 
population.
Empirical data has been gathered on the association between mtDNA and cytoplasmic 
bacteria in many species. For example, Cl-inducing Wolbachia and its associated 
mitotype have been observed to spread together through Californian populations of 
Drosophila simulans (Turelli & Hoffmann, 1995) demonstrating the tight linkage 
disequilibrium between a particular mitotype and cytoplasmic bacteria. Another 
example demonstrated that the distribution of mitochondrial haplotypes in the two-spot 
ladybird Adalia bipunctata was not associated with geography but rather with the 
presence of the four different male-killing bacteria that infect it (v.d.Schulenburg et al., 
2002).
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Empirical evidence also exists for an association between mtDNA and male-killing 
Wolbachia in the African butterfly Acraea encedon. The two different male-killer 
infections present in this species were demonstrated to have perfect linkage 
disequilibrium with different mitotypes. In infected individuals, intra-population 
mtDNA diversity was observed to be reduced compared to that predicted by the neutral 
theory yet uninfected individuals do not show reduced mtDNA diversity. This is most 
likely due to perfect vertical transmission of the male-killing infection and the spread of 
the male-killer resulting in a selective sweep of the mitochondria. Geographical 
structure was observed in the mtDNA of uninfected but not infected individuals, 
supporting the hypothesis that mtDNA diversity was influenced by the presence of the 
infection. In a sister species, Acraea encedana, vertical transmission efficiency is lower 
and a selective sweep of mtDNA associated with the spread of another male-killing 
strain of Wolbachia has led to a reduction in mtDNA diversity in both infected and 
uninfected individuals (Jiggins, 2003).
5.2.3 mtDNA in H. bolina
The sequence of part of the COI mtDNA from various H. bolina specimens has been 
ascertained in previous studies, revealing that populations of H. bolina in the South 
Pacific and Southeast Asia have 9 mitotypes (Dyson, 2002). Mitotype one has diverged 
in nucleotide sequence by 5% from the other mitotypes. All individuals infected with 
the male-killing Wolbachia strain, wBoll, carry mitotype one. As only wBoll-infected 
butterflies have mitotype one, it is clear that there is very little leakage of this mitotype
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into the uninfected population. This suggests that the transmission efficiency of the 
infection is very high and that either a recent selective sweep has occurred or Wolbachia 
has infected H. bolina relatively recently (Dyson, 2002). As the male-killing Wolbachia 
in H. bolina has perfect vertical transmission, mitotype one can therefore be useful as a 
marker to determine the infection status with respect to wBoll in ancient individuals, 
where only DNA is provided.
H. bolina is also infected with other strains of Wolbachia. In some populations 
individuals are infected with wBol2 which induces Cl in some populations (Charlat et 
al., 2006a) and has been reported to not kill males. To date sampling has revealed that 
individuals infected with wBol2 carry haplotypes 7 and 8 . More recently, a third 
Wolbachia strain, wBol3, has been discovered. A proportion of the H. bolina population 
from Tahiti, Moorea and Ua Huka in French Polynesia and Wayalailai in Fiji (Charlat & 
Hurst, pers. comm.) were found to be infected with a male-killer but carried mitotype six 
not mitotype one. Although MLST data from male-killers infecting individuals carrying 
mitotype one or six revealed no difference between them, further investigation using a 
phage marker which was originally developed for the Wolbachia strain, wPip (Duron et 
al., 2006), demonstrated that there were indeed two different male-killing strains. Both 
infections carry the phage but the infection associated with mitotype one, wBoll, 
produced a long band of 900bp upon amplification for the marker, whilst the male-killer 
infecting the individuals carrying mitotype six produced a short band of 300bp.
1 6 9
All current wBol3 infected individuals so far analysed are associated with mitotype six. 
However, unlike the pattern observed for wBoll, mitotype six is not private - some 
uninfected individuals have also been found to have mitotype six. The reasons for this 
lack of strong linkage disequilibrium between wBol3 and mitotype six is unclear but 
may be associated with inefficient transmission of this male-killer. Uninfected H. bolina 
individuals, throughout the range, cany various mitotypes except mitotype one. The 
current pattern of Wolbachia strains and associated mitotypes is shown in Table 5.1.
Mitotype Infection status
1 wBoll
6 wBol3 / uninfected
7,8 wBol2 / uninfected
other uninfected
Table 5.1 The current pattern of infection status of H. bolina individuals and COI mitotype. 
5.2.4 Prevalence flux in the H. bolina-Wolbachia interaction
Historical data and work presented in Chapters two to four of this thesis indicate that 
host suppression of the male-killing action of wBoll and the subsequent emergence of 
Cl in infected males in Southeast Asia has occurred within the last 40 years. During this 
period the expression of Cl has driven the prevalence of the infection to near fixation 
(Chapter three). It is likely that this fluctuation in prevalence and rapid rate of evolution 
is not constrained to Southeast Asian populations and may be a feature of this system as 
a whole -  occurring throughout the host’s range. Other host populations infected by
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Wolbachia may have also fluctuated widely in prevalence over time. Fluctuation in the 
dynamics of the H. bolina-Wolbachia interaction can be investigated by examining the 
mitochondrial DNA from butterflies collected in the past and by consulting data 
gathered and published in similar eras. This data can then be compared to current 
samples from similar localities and any flux over time determined.
5.2.5 Historical data: samples and observations from H. bolina populations
In the latter 19th and early 20th century it was popular among entomologists to collect 
and preserve various biological curios from around the world. Butterflies were 
particularly popular due to variation in wing pattern and colouration. Specimens were 
collected in vast numbers and deposited in the world’s museums and universities. In 
addition to the widely varying female colour pattern, H. bolina attracted particular 
attention when an ‘all-female’ trait was discovered in some populations. This was noted 
by Mathew in stock bred between 1882 and 1884, and recorded in more detail by 
Simmonds in 1921 (Poulton, 1923a; Poulton, 1923b). It appeared that a proportion of 
individuals from some populations produced only female offspring and that this trait was 
heritable though females only (Poulton, 1928). Later it was observed that the females 
showing the all-female trait had a lower egg hatch rate than those females producing a 
1:1 sex ratio. A number of the unhatched eggs showed development but were not viable 
and a cytoplasmic factor was held responsible for the phenomenon. It was also revealed 
that developed but inviable eggs were almost exclusively male (Clarke et a l, 1975).
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Much of the historical data published arose out of the work of Simmonds and Hopkins in 
the 1920s and 30s. These entomologists travelled to many countries, particularly in the 
South Pacific, and recorded observations of various species including H. bolina. The 
availability of historical references has dictated the populations to be included in this 
study and so Fiji, French Polynesia and the Samoas are investigated in order to study 
changes in prevalence since the time of their collection. The Southeast Asian countries, 
Borneo and Hong Kong, were also included in order to determine whether the change in 
phenotype associated with suppression can be detected. The location of the populations 
can be seen in Figure 5.1.
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Figure 5.1 Location of the H. bolina populations investigated for flux in male-killer prevalence. Note: the population studied is within the red 
circle but not throughout the entirety of the circle area. (Map courtesy of the University of Texas Libraries, the University of Texas at Austin).
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5.2.5.1 Fiji: a change in the observed natural population sex ratio
The all-female trait was first discovered in 1882 in populations of H. bolina from the 
South Pacific Islands of Fiji, particularly Viti Levu (Poulton, 1923b; Poulton, 1926). In 
concordance with the observation that some females produced only female offspring, a 
female-bias was detected in the wild. This female-bias continued to be noted by 
Simmonds until February 1925 when males appeared to outnumber females (Poulton, 
1926). In December of the same year Hopkins agreed that the sex ratio appeared to have 
changed to male-biased (Hopkins, 1927). A male-biased sex ratio in the wild actually 
indicates that the real sex ratio is nearer 1:1 because of an observational bias towards 
recording males. Males are very conspicuous as they patrol and guard their territories 
while female butterflies only appear to feed, mate or oviposit. Hence, an observed 
female-bias in the wild strongly suggests that the actual sex ratio is heavily female- 
biased. Although somewhat tenuous, observations of the commonness of H. bolina 
concur with the sex ratios found. In 1926 it was observed that H. bolina appeared more 
numerous which may have occuiTed if males had increased in number (Poulton, 1926). 
However, this change in sex ratio to ‘male-biased’ did not last long and records from 
1929 indicate that a heavily female-biased sex ratio existed in the wild again. Indeed 
Simmonds notes in 1929 that male H. bolina were rare (Poulton, 1930).
This data suggests that until early 1925 male-killing was present at high frequency in 
Viti Levu and then a rapid change in prevalence occurred which restored the sex ratio to 
nearer 1:1. This change in prevalence is supported by studies undertaken in 1980 where 
normal (1 :1) sex ratios as well as all-female broods were bred, and males were observed
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more frequently in nature (Clarke et a l, 1983). Recent sampling efforts have revealed 
that H. bolina in Viti Levu has a male-killing infection at 59% prevalence (Dyson et al, 
2002). Thus, the male-killer in Fiji seems to have decreased mildly in prevalence from 
the 1880s to today, with a possible crash in 1925.
5.2.5.2 French Polynesia: increase in prevalence
Further east in Tahiti, French Polynesia, records from 1920 demonstrate that males were 
in excess in the wild suggesting that a male-killer is rare or absent in the population. 
Breeding work at the time supports this: broods from four wild females reared 
collectively produced a 1:1 sex ratio (Poulton, 1926). The neighbouring island of 
Moorea also had a highly male-biased observed sex ratio in the wild (Poulton & Riley,
1928) indicating that this population was also free of a high prevalence male-killer. 
Today’s situation is very different with both Tahiti and Moorea carrying a high 
prevalence (100% in Tahiti and 96% in Moorea) male-killing infection (Charlat et a l, 
2005). It seems that male-killing bacteria may have invaded these populations since the 
1920s and spread rapidly though the host population.
Even further east are the Marquesas, a remote archipelago 2000km from Tahiti. There 
are little historical data on H. bolina from these islands. However, it was noted in 1925 
that there was an excess of males in the wild on several islands suggesting a 1 :1 sex ratio 
and lack of a male-killer, at least at high prevalence (Poulton & Riley, 1928). Recent 
sampling on one island, Ua Huka, has also revealed a high prevalence (8 6 %) male-
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killing infection (Charlat et a l, 2005). Thus Ua Huka may also have been invaded with 
a male-killer since the 1920s.
5.2.5.3 The Samoas: contrasting dynamics
Records from Independent Samoa in 1905 detail a highly female-biased observed sex 
ratio with the researcher, Rechinger, unable to collect a single male (Hopkins, 1927). In 
1925 the trend remains the same, with the male being ‘.. .much less than 1% of the 
specimens observed...’ (Hopkins, 1927). Wild females collected (n=6 ) and dissected at 
this time reveal that all had eggs but none had been mated (evident from a lack of a 
spermatophore). This also indicates that the population sex ratio was highly female- 
biased, and makes it likely that a highly prevalent male-killer existed in this population 
at this time. Despite the extremity of the sex ratio bias and hence lack of males in the 
population, the same pattern was seen in Independent Samoa in 1982 when no male H. 
bolina were evident on the island at all (Wahlberg, pers. comm.). In 2001 the population 
sex ratio was recorded as 1 0 0  females to one male and associated with the presence of a 
male-killing Wolbachia infection in 99% of females (Dyson & Hurst, 2004).
The situation seen in Independent Samoa contrasts with the neighbouring island of 
American Samoa where in the late 1920s a male-biased population sex ratio was 
observed, which is normal for a 1:1 actual sex ratio (Hopkins, 1927). This suggests that 
either there is no male-killing infection in the population or if there is, it is at low 
prevalence and hence undetectable though observation of population sex ratio alone. 
Current sampling demonstrates that American Samoan H. bolina have no male-killing
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infection but instead 67% of females carry the w/Bol2 infection (Charlat et al., 2005; 
Charlat et a l , 2006a). In this population the phenotype of wBol2 remains unclear but is 
known to not be a male-killer (Dyson, 2002).
The difference between the two countries is particularly interesting as they are only 
100km from each other at the nearest point. Hypolimnas bolina is migratory and a 
strong flier making it surprising that the populations do not show evidence of 
immigration and gene flow and are so markedly different.
5.2.S.4 Southeast Asia: natural evolution of a suppressor
In addition to detecting a change in prevalence of infection, mitochondrial haplotype 
data can also support the evidence of suppressor spread. As discussed previously, in the 
1970s an all-female trait was recorded in Sarawak in Borneo, Hong Kong and also in Sri 
Lanka - suggesting that a male-killer was present in these populations, and at high 
prevalence (8/9 Borneo females bred produced an all-female brood (Clarke et al., 1975). 
Today in Sabah in Borneo, and in Hong Kong, Cl-inducing wBoll is present at near 
fixation (Chapter three). Since the 1970s, a suppressor of male-killing action has 
evolved which alters the mitotype pattern. With a male-killer acting with full penetrance 
(all infected males are killed) and perfect transmission, no males in the population would 
have the mitotype associated with the male-killer -  in this case mitotype one. Once the 
male-killer is suppressed however, infected males will survive and hence have mitotype 
one. Comparisons of pre-suppressor samples from Southeast Asia with current samples
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should show this change i.e. ancient male samples are expected to rarely have mitotype 
one while modem males should have mitotype one.
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5.3 Aims
The overall aim of this chapter is to investigate the dynamics of the H. bolina-Wolbachia 
association in different populations by comparing mtDNA from current and ancient 
DNA samples. Prior to conducting extensive invasive work on ancient specimens it is 
important to test the repeatability, reliability and utility of the marker being used (Gilbert 
et a l, 2005; Cooper & Poinar, 2000). Obvious problems of contamination can be tested 
by repeating the DNA extraction for each individual in different laboratories and using 
different tissue samples from the same individual. The reliability of the association 
between the mtDNA marker and infection status in ancient samples needs to also be 
assessed and this may be achieved by analysing a past population with historical 
evidence of infection status for specific individuals. The first two aims of this chapter 
are therefore to check the robustness of the methodology before the third aim asks 
questions regarding the dynamics in several populations.
1. Test the repeatability of the ancient DNA extraction
2. Check the strength of the mtDNA-MK association in ancient samples
3. Investigate the dynamics of male-killer-host interactions in different host 
populations:
a) Independent Samoa: maintenance of an extreme prevalence male-killer?
b) Fiji: decline of a male-killer?
c) French Polynesia: rise of a male-killer?
d) American Samoa: change in Wolbachia strain?
e) Southeast Asia: evidence of male-killer suppressor spread?
5.4 Method
5.4.1 Sample collection
DNA was obtained from H. bolina specimens housed at the Oxford University Natural 
History Museum. A leg was removed from each H. bolina individual to be tested using 
sterile forceps and placed in a separate sterile labelled 1.5pl tube. Leg tissue was used in 
this investigation to limit the damage to the specimens.
5.4.2 DNA extraction
DNA extraction was performed using the Qiagen QIAmp® DNA Micro kit (Appendix 
A.1.2). Prior to the protocol set out in the handbook, the leg sample was washed 
externally by shaking it in a 1.5pl tube of double distilled H2O. After removal of the 
water, the sample was then snap-frozen by placing the tube briefly in liquid Nitrogen. 
This process makes the tissue brittle enabling ease of grinding by micropestle. The 
micropestle was left in the tube after grinding so that any remaining traces of the sample 
on the pestle could be washed off using the buffer in the first step of the protocol.
1 8 0
5.4.3 PCR assay
5.4.3.1 Ancient H. bolina samples
Due to the age of the samples and also because of the use of leg tissue (the infection may 
not be universally present in the body) it was not possible to test for the presence of 
Wolbachia -  a negative result could not be accepted with any confidence. A mtDNA 
marker was therefore used instead and consisted of part of the mitochondrial COI gene. 
As described in the introduction, mitotype one is in linkage disequilibrium with the 
wBoll infection (Dyson, 2002).
DNA degrades and fragments over time. Thus, amplification of ancient DNA requires 
development of a PCR which results in a short product sequence. The primer pair 
71f7268r were specifically designed for this investigation by aligning the sequences of 
all the COI mitotypes found in current H. bolina samples and selecting a section of the 
sequence which was conserved for all mitotypes (i.e. no substitution sites). The 
sequence contains a SNP specific to mitotype six increasing reliability in scoring for 
mitotype six. Because mitotype one has diverged in nucleotide sequence by 5% from all 
other mitotypes the likelihood that mitotype one will be detected correctly is very high. 
The primers result in a sequence 198bp in length (primer sequences: Appendix A.2.5).
A 40jil reaction was carried out per individual sample (PCR reaction mixture: Appendix 
A.2.1 (note that the amount stated was doubled to make a 40pl reaction mixture); PCR 
conditions: Table 5.2).
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Step Action Temperature (°C) Time (seconds)
1 Initial denaturation 94 1 2 0
2 Denaturation 93 12
3 Primer annealing 55 30
4 Extension 72 2 0
5 2 0  times to step 2 NA NA
6 End NA NA
Table 5.2 PCR conditions for the amplification of part of the COI mitochondrial gene using 
primers 71 f/268r. NA = not applicable.
After 20 cycles of amplification, the programme was stopped and further reagents added 
to each sample reaction (0.16pl taq polymerase; 2pi dNTP; 1.6pl buffer in 4.24pl of 
ddH20) in order to increase yield. The PCR programme was then repeated resulting in a 
total of 40 cycles of amplification. Post amplification, PCR products were purified 
using Millipore PCR centrifugal filter columns (Appendix A3). The amount of DNA 
was quantified by running 2 pi of purified PCR product on an agarose gel and calibrated 
using the ladder X/Hmdlll (Appendix A4).
S.4.3.2 Recent H. bolina samples
In addition to previous sampling, DNA from recent H. bolina samples available from 
previous studies characterised for COI haplotype. This DNA was amplified using COI 
primers HCO and LCO which produce a larger fragment o f-710 bp (Folmer et al, 
1994), as unlike the ancient DNA, this DNA should not have degraded. PCR reaction 
mixture, conditions and primer sequences are set out in Appendix A.2.
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5.4.4 Sequencing
Amplified purified DNA from each sample was sent to Macrogen, Korea 
(www.Macrogen.com) for sequencing, along with 20pl of the 7 IF primer (50pmol/jil) or 
2 0 pi of the HCO or LCO primer (50pmol/pl) in a separate tube. During the latter part of 
the investigation, PCR product was sent direct to Macrogen for purification and 
sequencing as this produced cleaner sequences. Results were viewed using the Chromas 
2.23 programme (Copyright © 1998-2002 Technelysium Pty Ltd. 
www.technelysium.com.au), and a BLAST (Basic Local Alignment Search Tool) search 
(NCBI) revealed the mitochondrial haplotype of each sequence.
5.4.5 Test of repeatability for ancient DNA samples
In order to determine whether the results were repeatable and free from contamination 
DNA extraction, PCR, sequencing and a BLAST search were carried out twice 
independently (using a different leg from the same individual for each replication) for 18 
individuals of varying age and source population. The two replicates were processed in 
separate laboratories in different buildings, using different reagents, pipettes and using 
leg tissue collected at different times. One of the laboratories had not been previously 
exposed to lepidopteran DNA.
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5.4.6 Checking the mtDNA - wBoll association in ancient samples
We know that currently there is an association between mitotype one and the wBoll 
male-killer but did this association also exist at the time when most of the ancient 
samples were collected? Between 1921 and 1933 Simmonds reared offspring from a 
number of wild females caught in Fiji. For most of these he documented whether the 
females produced all-female or bisexual broods (Poulton, 1923a; Poulton, 1923b; 
Poulton, 1926; Poulton, 1927; Poulton, 1930). The majority of these wild females are 
now housed within the Oxford Natural History Museum collection. Legs were taken 
from all available females in Simmonds collection and mitotype sequence obtained. It is 
therefore possible to determine whether at this period mitotype one was associated with 
the all-female (unisexual) trait.
5.4.7 Dynamics of male-killer-host interactions in different populations
Several populations of H. bolina were chosen for this study, in part due to the 
availability of ancient DNA, and also due to evidence existing from historical sources 
suggesting that flux in prevalence or action of the male-killer has occurred. Where 
possible, the ancient DNA samples included both males and females from each 
population (see introduction for populations studied). However male samples were less 
available as a) they do not show wing pattern variation and hence were not collected at 
the same rate as females and b) they may be rare due to the presence of a male-killer, 
making collection less likely. Sample size and the age of the samples collected were
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also restricted by availability. Mitotypes were also determined for H. bolina individuals 
gathered recently from corresponding populations in order to have a comparison and 
investigate the change in the association, if any. Infection status or phenotype gathered 
from breeding data is indicated in the results if known.
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5.5 Results
5.5.1 Test of repeatability for ancient DNA samples
Eighteen H. bolina samples were sequenced for mitochondrial haplotype. DNA was 
successfully extracted from 15 of these giving a 8 8 % success rate. From the 15 
individuals tested, a second leg was collected at a different time and the mtDNA 
sequence obtained following extraction and amplification in a different laboratory to the 
first. All individuals tested demonstrated perfect concordance between the primary and 
duplicate samples despite variation between individuals (Table 5.3). It can therefore be 
concluded that the technique used is free of contaminants and repeatable.
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Primary
sample
ID
Duplicate
sample
ID
Source population Sex Date Mitotype
-primary
Mitotype
-duplicate
OM-A OM-57 I. Samoa F 1925 1 1
OM-B OM-58 I. Samoa F 1925 1 1
OM-C OM-53 I. Samoa M 1925 NA NA
OM-I OM-126 Hong Kong M 1896 6 6
OM-J OM-127 Hong Kong F 1896 NA NA
OM-1 OM-137 Hong Kong F 1975 1 1
OM-K OM-128 Borneo (North) F 1912 1 1
OM-L OM-121 Borneo (Sandakan) F 1878-1898 1 1
OM-M OM-119 Borneo (Sandakan) F 1878-1898 1 1
OM-N OM-98 Borneo (Sandakan) M 1895 6 6
OM-P OM-100 Borneo (Sandakan) M 1895 NA NA
OM-Q OM-101 Borneo (Sandakan) F 1895 1 1
OM-X OM-138 Borneo (Sarawak) F 1974 6 6
OM-Y OM-139 Borneo (Sarawak) F 1970s 6 6
OM-Z OM-131 Borneo (Sarawak) F 1973 6 6
OM-W OM-93 Tahiti F 1883 6 6
OM-2 OM-135 Fiji (Taveuni) F 1980 8 8
OM-3 OM-136 Fiji (Taveuni) F 1980 7 7
Table S3  Duplicate leg samples sequenced for mitochondrial haplotype in order to test 
repeatability. Note: I. Samoa = Independent Samoa, Am. Samoa = American Samoa, F = female, 
M = male, NA = not ascertained
5.5.2 Investigating the mtDNA - male-killing association in ancient samples
The mitotype sequence of female parents of the Fijian families bred by Simmonds in the 
1920s and 1930s were obtained in order to test the hypothesis that the mtDNA 
haplotype-male-killer association was present then as it is today, i.e. mitotype one is a
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private mitotype found only in individuals infected with a male-killer. Whether the 
female parents produced uni- or bi-sexual broods was recorded in publications at the 
time and so it can be determined whether mitotype one remains private to females from 
unisexual families (male-killed). The data from Suva in Viti Levu presented in this 
section is also included in the Fiji analysis (section 5.5.3.2).
Thirty females which from the historical publications were known to produce either uni- 
or bisexual broods, were tested. Eight of these 30 produced normal bisexual broods, 22 
produced only female offspring. Of the eight females producing bisexual broods, three 
carried mitotypes five or seven while the remaining five carried mitotype six. Of the 22 
females producing unisexual broods 19 carried mitotype one and hence it can be inferred 
that these females were infected with wBoll. The remaining three of the 22 carried 
mitotype six and hence may be infected with wBol3. Therefore, as now, in the 1920-30s 
in Viti Levu, Fiji there was a strong association between mitotype one and the unisexual 
trait - mitotype one is private to females producing all-female broods. The presence of a 
second male-killing strain which is more loosely associated with mitotype six 
complicates the conclusions drawn from the results presented in this chapter. However, 
the results can still be used to infer prevalence flux of the wBoll infection, even if not 
male-killing prevalence as a whole. What cannot be estimated now is the sex ratio bias 
in the wild as individuals with mitotype six may or may not be infected with wBol3, the 
second male-killer. Thus, overall, ancient samples from Fiji display the same pattern as 
current samples from Wayalailai in Fiji, even agreeing with the recent discovery of 
wBol3 and the pattern this second male-killer gives.
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Population Year Female
ID
DNA
ID
Uni- or
bisexual brood
Mitotype
Ovalau 1921 K 2 2 0 Bisexual 7
Taveuni 1921 S 229 Bisexual 7
Suva, Viti Levu 1924 B 250 Unisexual 1
Suva, Viti Levu 1924 C 254 Unisexual 1
Suva, Viti Levu 1924 D 258 Unisexual 1
Suva, Viti Levu 1924 E 262 Unisexual 1
Suva, Viti Levu 1924 F(F1) 265 Unisexual 1
Suva, Viti Levu 1924 G 268 Unisexual 1
Suva, Viti Levu 1924 H 272 Unisexual 6
Bua 1924 I 276 Unisexual 1
Suva, Viti Levu 1924 J 280 Unisexual 6
Suva, Viti Levu 1926 D 287 Unisexual 1
Suva, Viti Levu 1927 F 291 Unisexual 1
Suva, Viti Levu 1927 G 294 Unisexual 1
Suva, Viti Levu 1927 K 297 Bisexual 6
Lau 1927 M 300 Bisexual 6
Suva, Viti Levu 1927 X 306 Unisexual 1
Bega Island 1927 Z 308 Bisexual 6
Suva, Viti Levu 1928 A 310 Unisexual 1
Suva, Viti Levu 1928 B 312 Unisexual 1
Suva, Viti Levu 1929 A 314 Unisexual 1
Suva, Viti Levu 1929 B 316 Unisexual 1
Suva, Viti Levu 1929 C 319 Unisexual 1
Suva, Viti Levu 1929 D 321 Unisexual 1
Suva, Viti Levu 1931 A 323 Unisexual 1
Lau 1931 A 327 Bisexual 6
Lau 1931 B 329 Bisexual 6
Bega Island 1931 C 331 Bisexual 5
Suva, Viti Levu 1932 A 332 Unisexual 1
Rewa River, Viti Levu 1934 A 338 Unisexual 6
Table 5.4 Test of the association between the unisexual/all-female trait and mtDNA haplotype in 
ancient DNA samples from Fiji. Data that the female produced unisexual or bisexual broods 
was gathered from historical publications and labels on the samples (Poulton, 1923a; Poulton,
1923b; Poulton, 1926; Poulton, 1927; Poulton, 1930). Female F(F1) is a 1st generation offspring 
from wild female F.
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5.5.3 Dynamics of male-killer-host associations in different populations
The investigations so far presented in this chapter have demonstrated that the techniques 
used are repeatable and samples free from contamination, and also that the association 
between wBoll and mitotype one observed today existed in the era that the ancient 
samples were collected. These preliminary findings mean that ancient samples from 
other populations can be investigated and compared to current samples in order to 
determine whether the prevalence of wBoll has changed over time.
Due to the recent discovery of a second male-killing strain of Wolbachia, wBol3, in 
some current populations (Hurst & Charlat, pers. comm.), and now also in some ancient 
samples from Fiji (this Chapter section 5.5.2), mitotype six will also be noted. Mitotype 
six is not strongly associated with wBol3 and therefore where mitotype six is found, 
unless there is breeding data, it cannot be assumed that the individual is infected.
5.5.3.1 Independent Samoa: maintenance o f an extreme prevalence male-killer?
As mentioned, in Independent Samoa in 2001 an extreme sex ratio bias favouring 
females was observed. Male-killing was observed in bred stock and a B-group 
Wolbachia infection was determined to be in 99% of females (Dyson & Hurst, 2004). 
From this data it can be hypothesised that the cause of the extreme sex ratio bias seen in 
1905 and 1925 (Hopkins, 1927) was also the presence of a male-killing infection.
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Mitotype data from ancient samples demonstrate that the prevalence of the wBoll male- 
killing infection in the 1920s was indeed very high: all 14 females tested have mitotype 
one. In addition all 12 samples from 2001 tested in this study were demonstrated to 
have mitotype one, indicating that the past and modem high male-killer prevalence in 
these populations is solely due to the presence of a wBoll infection (Table 5.5). No 
individuals with mitotype six have been found suggesting that wBoB is not present in 
this population currently or at the beginning of the 20th century. This data therefore 
confirms the written record of population sex ratio bias and demonstrates that since the 
1920s the wBoll male-killing infection has maintained extreme prevalence in 
Independent Samoa. The one male tested carried mitotype one and probably resulted 
from inefficient killing - a phenomenon also observed today where the infection is at 
very high prevalence (Dyson, 2002).
n Females with 
mitotype
n Males with 
mitotype
Population Date One Six Other One Six Other
Aleipata 1924 0 0 0 1 0 0
Upolu 1924 10 0 0 0 0 0
Upolu 1925 2 0 0 0 0 0
unknown 1925 2 0 0 0 0 0
Upolu 2001 12* 0 0 0 0 0
Table 5.5 Mitochondrial haplotypes of H. bolina samples originating in Independent Samoa. 
♦All known to be B-group Wolbachia infected.
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5.5.S.2 Viti Levu, Fiji: decline o f a male-killer
Between 1897 and 1934 34/43 females tested had mitotype one and therefore the wBoll 
male-killing infection. Of these 34,18 were previously known to produce all-female 
broods. During this same period 8/43 females carried mitotype six. Three of these eight 
females with mitotype six are known to produce all-female broods and hence can be 
inferred to be infected with male-killing wBol3. However one is known to produce a 
normal sex ratio brood and is thus taken to be uninfected with a male-killer. Of the four 
remaining females with mitotype six, no breeding data is available and so they could 
either be infected with wBol3 or uninfected (Table 5.6). However given that 3/4 females 
carrying haplotype six and therefore are infected with wBol3 it is likely that a proportion 
of the remaining four are also infected with this male-killer. The remaining female from 
the ancient samples did not have either mitotype one or six and thus can be assumed to 
be uninfected. No males with mitotype one were found, supporting the tight association 
of mitotype one with the male-killing wBoll infection. However males with mitotype 
six were present, again confirming that there is not a complete association between 
wBol3 infection and mitotype six.
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n Females 
with mitotype
n Males 
with mitotype
Date One Six Other One Six Other
1897 6 0 0 0 0 0
1904 4 1 0 0 0 0
1924 7(6*) 2 (2*) 0 0 0 0
1925 3 1 1 0 2 2
1926 3(1*) 0 0 0 0 0
1927 3(3*) 3(1***) 0 0 0 1
1928 2 (2*) 0 0 0 0 0
1929 4(4*) 0 0 0 1 0
1931 1 (*) 0 0 0 0 0
1932 1 (*) 0 0 0 0 0
1934 0 1 (*) 0 0 0 0
Current 6 (6**) 5 (2**, 3***) 2 (2***) 0 0 0
Table 5.6 Mitochondrial haplotypes of H. bolina samples originating in Viti Levu (Fiji).
Number of females of these with known breeding or infection status data given in parenthesis 
and indicated with: * known to produce unisexual broods, **known to be B-group Wolbachia 
infected, or *** known to be uninfected or produce bisexual broods.
Assuming, conservatively, that none of the four females with haplotype six for which 
there is no breeding data are infected with wBol3, the data estimates 37/43 females from 
the ancient samples being infected with a male-killer and thus a male-killer prevalence 
of 86% in females. This value can be compared with the current male-killer prevalence 
of 59% (n=34 females) which was estimated using PCR assay to detect infection with B- 
group Wolbachia (which detects both wBoll and wBol3) (Dyson et a l , 2002). Male- 
killing is therefore demonstrated to have decreased in prevalence from 86% to 59% in
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Viti Levu (Contingency test: ratio of uninfected to infected in ancient vs PCR samples: 
Z2=7.32;ld.f.;p<0.01).
The mitochondrial data from current samples can be used to determine the proportion of 
individuals carrying a male-killer that are infected with wBoll or wBoB. Of the 13 
current females tested, six had mitotype one (and were infected with a B-group 
Wolbachia infection), five have mitotype six (two have a B-group Wolbachia infection, 
and three are uninfected) and the remaining two have alternative mitotypes and are 
uninfected (Table 5.6). Thus, of the 8 females infected with a male-killer 75% (6/8) 
have wBoll and 25% (2/8) have h B o 1 3 . Extrapolating back to the current prevalence 
value of 59% obtained using PCR assay, this means that the prevalence of wBoll in the 
current population is -44% and that of wBol3 -15%. This compares with 79% of 
females being infected with wBoll and 7-16% with wBol3 from ancient samples. wBoll 
has therefore decreased in prevalence while wBol3 has remained relatively static. The 
fall in prevalence of wBoll therefore accounts for the overall decrease in male-killer 
prevalence seen since 1934.
5.5.3.3 French Polynesia: invasion o f a male-killer
a) Tahiti
From 1883 and 1925 none of the H. bolina samples tested from Tahiti carried mitotype 
one. All eight Tahitian females and 9/10 Tahitian males had mitotype six at this time 
and the one remaining Tahitian male had mitotype seven (Table 5.7). The absence of 
mitotype one demonstrates that the wBoll infection was either rare or absent in Tahiti at
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the beginning of the 20th century. For reasons previously discussed, from mitotype data 
alone it cannot be determined whether the ancient Tahitian individuals with mitotype six 
are infected with wBoB. However, because the majority of males have mitotype six it is 
likely that this population at this time either had a very low prevalence wBol3 infection 
or, like wBoll, no wBol3 was present. A recent study using PCR to detect B-group 
Wolbachia gives the current male-killer prevalence of Tahiti as 100% (n=14 females) 
(Charlat et al., 2005). One or both male-killers have therefore invaded and spread to 
fixation in Tahiti.
In order to determine whether one or both infections are present in the current Tahitian 
population, current mitotype data can be analysed. This data demonstrates that in Tahiti 
6/12 females have mitotype one and 6/12 have mitotype six (Table 5.7). These samples 
had previously been found to be infected with wBoll and wBol3 respectively through 
PCR assay of a wPip phage marker that can distinguish between the two strains (Charlat, 
pers. comm.). Thus, there is currently a 50% wBoll and 50% wBol3 prevalence in 
Tahiti. Due to the lack of strong association between mitotype six and wBol3 it cannot 
be determined whether wBol3 was present in past populations. Flux of the wBol3 
infection in Tahiti can therefore not be assessed with any confidence. However, 
mitotype data has revealed that wBoll has invaded and spread since 1925 (Fisher exact 
test: mitotype one and mitotypes other than one in ancient vs PCR samples: p=0.047; 
NB. Note: statistical analysis of the difference in prevalence in ancient and current 
samples can only be conducted on mitotype one as the infection status of ancient 
individuals with mitotype six cannot be determined).
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n Females 
with mitotype
n Males 
with mitotype
Date One Six Other One Six Other
1883 0 3 0 0 0 0
1925 0 5 0 0 9 1
Current 6* 6** 0 0 0 0
Table 5.7 Mitochondrial haplotypes of H. bolina samples originating in Tahiti (French 
Polynesia). *known to be wBoll infected or **known to be wBol3 infected.
b) UaHuka
Similarly to Tahitian populations, none of the H. bolina individuals tested from the 1931 
population in Ua Huka carried mitotype one. Thus the wBoll infection was also either 
rare or absent in Ua Huka at the beginning of the 20th century. There is a contrast from 
Tahiti in that all seven females and 7/8 males from Ua Huka had mitotypes eight, nine 
and ten and the remaining male from this population had mitotype six. As the sole 
individual carrying mitotype six in the ancient Ua Huka population was a male it is 
likely that wBol3, like wBoll, was absent in this population at this time. Male-killer 
prevalence in Ua Huka in my 1931 sample was therefore also 0%. PCR assays of 
females from Ua Huka detecting B-group Wolbachia gives a current male-killer 
prevalence of 86% (n=43 females) (Charlat et a l, 2005). Current mitotype data from Ua 
Huka demonstrates that all 10 infected females tested had mitotype one and all 
uninfected individuals (male and female) had mitotype 10 (Table 5.8). Mitotype six, 
and therefore wBol3, is absent in the current Ua Huka population making wBoll solely 
responsible for the levels of male-killing observed there today. It is therefore clearly the 
case that in Ua Huka since 1931 a male-killing wBoll infection has invaded and spread
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to high prevalence (Fisher exact test: Ua Huka uninfected and infected females in 
ancient vs PCR samples: p=0.000034).
n Females 
with mitotype
n Males 
with mitotype
Date One Six Other One Six Other
1931 0 0 7 0 1 7
Current 10* 0 3** 0 0 10**
Table 5.8 Mitochondrial haplotypes of H. bolina samples originating in Ua Huka (French 
Polynesia). *known to be wBoll infected or ** known to be uninfected.
5.5.3.4 American Samoa: change in Wolbachia strain?
Given that an extreme prevalence male-killing infection had been maintained for many 
years in the neighbouring island of Independent Samoa, is it possible that H. bolina in 
American Samoa had been infected with a male-killer in the past? In Tutuila, American 
Samoa in the 1920s 4/9 females had mitotype one, 5/9 females had mitotypes seven or 
eight and all ten males had mitotypes seven or eight (Table 5.9). These results indicate 
the presence of a wBoll infection in this sample at 44% prevalence. The wBoll 
infection is currently no longer present on American Samoa and recent samples 
demonstrate a 67% wBol2 infection prevalence (Charlat et al., 2006a). The wBol2 strain 
of Wolbachia induces Cl in some populations (Charlat et al., 2006a), although its 
phenotype in Tutuila remains unclear (Dyson, 2002). The five current females tested 
have mitotypes seven and eight (Table 5.9) and have previously been demonstrated to be 
infected with wBol2 (Charlat et a l, 2006a). Because this strain is not associated with 
any particular mitotype it is not known whether the ancient samples with mitotypes 7 or 
8 were infected with wBol2. Although the dynamics of wBol2 remains unknown the
raw data from my results indicate that wBoll has decreased from 44% to 0% in Tutuila 
within approximately the last 80 years, although the sample is too small to have any 
statistical power (Fisher exact test: mitotype one and mitotypes other than one in ancient 
vs PCR samples: p=0.25 ns).
n Females 
with mitotype
n Males 
with mitotype
Date One Six Other One Six Other
1924 3 0 2 0 0 3
1925 1 0 3 0 0 7
Current 0 0 5* 0 0 0
Table 5.9 Mitochondrial haplotypes of H. bolina samples originating in Tutuila, American 
Samoa. *known to be wBol2 infected.
5.5.3.5 South East Asia: suppression o f male-killing action
In the late 19th Century in Sandakan (Borneo), 13/15 females had mitotype one, 1/15 
female had mitotype six and 1/15 female had mitotype seven. The one male tested had 
mitotype six. The one female sample from Sabah, Borneo in 1912 also had mitotype 
one (Table 5.10). wBoll is therefore present in Sandakan at 87% prevalence, and is also 
present in Sabah (prevalence cannot be calculated for this location due to small sample 
size). As mitotype six has been detected in ancient samples it is possible that wBol3 was 
present, but as one of the two individuals with mitotype six was a male it is perhaps 
more likely that these individuals were uninfected.
A recent study gives the prevalence of male-killing in females in Sabah as 96% (Charlat 
et al., 2005). Again this does not discriminate between wBoll and wBol3 as samples
were only assayed for infection with B-group Wolbachia. Current mitotype data from 
the same region demonstrated that all seven females tested had mitotype one (and were 
previously shown to be infected with B-group Wolbachia) (Table 5.10). It can thus be 
conjectured that wBoll is currently at 96% prevalence in Sabah. Therefore the wBoll 
infection was, and still is, at high prevalence in Borneo (although it should be noted that 
the current and ancient prevalence values are taken from samples collected in different 
parts of Borneo). This data does not demonstrate the change in the action of the male- 
killer as only one male (in the ancient samples) could be tested but this at least had a 
mitotype other than one which is as expected if wBoll was a male-killer at that time.
In Hong Kong one male from 1896 had mitotype six and one female from 1972 had 
mitotype one (Table 5.10). This demonstrates that wBoll was present in Hong Kong in 
1972 although prevalence cannot be determined for a sample of this size. Presence of 
wBol3 cannot be determined for the ancient Hong Kong population -  the one male with 
mitotype six is likely to be uninfected but this could arise either from absence of wBol3 
in the population, or through inefficient transmission of wBol3. However, current 
samples from Hong Kong suggest host suppression of male-killing as all three females 
and all three males tested have mitotype one. These same 6 individuals were used in a 
previous study to estimate prevalence in the current Hong Kong population and gave a 
male-killer prevalence of 100% (Charlat et al., 2005). The mitotype data presented here 
demonstrate that the male-killer at 100% prevalence is wBoll. wBoll was therefore 
present in 1896 and is now at fixation.
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n Females 
with mitotype
n Males 
with mitotype
Population Date One Six Other One Six Other
Sandakan 1878-98 2 0 0 0 0 0
1895 11 1 1 0 1 0
Sabah 1912 1 0 0 0 0 0
Sabah Current 7* 0 0 0 0 0
Hong Kong 1896 0 0 0 0 1 0
1975 1 0 0 0 0 0
Current 3* 0 0 3* 0 0
Table 5.10 Mitochondrial haplotypes of H. boJina samples originating in Borneo (Sandakan and 
Sabah) and Hong Kong. *known to be infected with B-group Wolbachia.
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5.6 Discussion
5.6.1 mtDNA / male-killer association
The association between mitochondrial haplotype one and the male-killing wBoll 
infection has remained stable over at least the last 80 years -  all and only wBoll infected 
individuals have mitotype one. Mitotype data amassed here supports details of 
unisexual and bisexual broods reared from wild Fijian females published in the 1920s- 
30s and labelled on the specimens (Poulton, 1923a; Poulton, 1923b; Poulton, 1926; 
Poulton, 1927; Poulton, 1930). Females producing unisexual broods have mitotype one 
(or six), and those giving bisexual broods have mitotypes other than mitotype one. 
Mitotype data from Simmonds’ Fijian families have also provided support for the recent 
findings that a second male-killer strain of Wolbachia, wBol3, exists in some H. bolina 
populations (Hurst & Charlat, pers. comm.). The existence of Fijian male-killing lines 
carrying mitotype six in 1925 indicates that the wBol3 male-killer was present 80 years 
ago i.e. the wBol3 infection is not recent. The discovery of a second male-killer in some 
populations (Viti Levu and Tahiti in this investigation) does complicate analysis with 
respect to male-killing frequency, for whilst wBol3 is associated with mitotype six, 
uninfected individuals carrying mitotype six are also common. Thus, where ancient 
samples have haplotype six it is not possible to determine whether the individuals are 
uninfected or infected with wBol3 without breeding data. This does not however impact 
upon the investigation into the flux of wBoll.
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5.6.2 Dynamics of host-male-killer associations in different populations: summary
5.6.2.1 Independent Samoa: maintenance o f an extreme prevalence male-killer
The extreme 100f:lm sex ratio bias observed in 2001 in Independent Samoa had 
previously been attributed to a B-group Wolbachia infection in 99% of females (Dyson 
& Hurst, 2004). All individuals tested from this period carried mitotype one thus 
demonstrating that the male-killing strain in question was wBoll. Ancient samples 
tested for mitotype gave a similar pattern with all individuals also carrying only 
mitotype one. This finding supports historical data of a highly female biased sex ratio in 
1905,1925 (Hopkins, 1927) and 1982 (Wahlberg, pers. comm.), and confirms that the 
bias then, as now, was caused by a high prevalence wBoll infection. Whether the 
infection prevalence has remained stable over the last 80 years, or whether there has 
been flux in the intervening time remains unknown.
5.6.2.2 Viti Levu, Fiji: decline o f a male-killer
Simmonds noted that in Viti Levu from 1919 to 1924 female H. bolina outnumbered 
males in the wild and that wild females often gave all-female broods when bred -  data 
that is suggestive of the presence of a high prevalence male-killing infection. In 1925 
however, both Simmonds and Hopkins observed a reversion in the wild sex ratio to 
male-biased. By 1927 observed number of males and females were equal and by 1929 
the observed wild sex ratio had again changed back to female-biased with Simmonds 
noticing that males were again very rare (Poulton, 1923a; Poulton, 1923b; Poulton,
1926; Poulton, 1927; Poulton, 1930). Together these observations indicate that a high
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prevalence male-killer existed pre-1925, then declined in prevalence and then spread 
again by 1929. Mitotype data supports the observations that a male-killer was present at 
high prevalence and remained in the population but sample size constraints have not 
allowed finer-scale prevalence fluctuations to be detected with any statistical power. 
From 1919 to 1934,79% of females were demonstrated to be infected with wBoll and 
7-16% with wBol3. A more accurate prevalence for wBol3 could not be attained due to 
the lack of breeding data for some samples and the weak association between mitotype 
six and wBol3. Current prevalence of wBoll is estimated to be 44% and wBol3,15% in 
this study (general male-killer prevalence was demonstrated to be 59%: (Dyson ei a l , 
2002)). Thus although wBol3 appears to have remained relatively stable, wBoll has 
decreased in prevalence from 79% to 44% and accounts for the overall decrease in male- 
killer prevalence seen in this population over time.
The cause of the decline in prevalence of wBoll since the early 1920s remains unknown. 
Immigration of uninfected butterflies from neighbouring islands of lower infection 
prevalence may have allowed the Viti Levu population to survive and recover in 1926. 
Since then the male-killing infection could increase in prevalence again. Indeed, it is 
possible that this pattern has occurred multiple times on Viti Levu, with rises in 
prevalence followed by crashes, followed by immigration events restoring males in the 
populations followed by increases in prevalence again. Simmonds had also observed 
that broods reared from wild females captured on several islands near to Viti Levu were 
more often bisexual (Poulton, 1923a; Poulton, 1926). Thus it is also possible that 
uninfected females immigrated to Viti Levu, creating a lower prevalence population.
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This study demonstrates that just because an infection was present in the past, and still is 
present in the host population, it doesn’t necessarily follow that the infection has 
remained stable over the years. It is also interesting that wBol3 does not appear to have 
changed significantly in prevalence while wBoll has. Again this suggests that the 
dynamics of the two male-killers differ.
5.6.2.3 French Polynesia: rise o f a male-killer
In contrast to Fiji, French Polynesia has no historical record of an all-female trait; 
indeed observations during the 1920s suggest normal sex ratios (Poulton, 1923a; Poulton 
& Riley, 1928). As mentioned previously, the situation today is very different with 
extreme male-killer prevalence in Tahiti and high male-killer prevalence in Ua Huka 
(Charlat et al., 2005). A pattern of invasion of a male-killer followed by a rise in 
prevalence is supported by the mitochondrial haplotype data. Prior to 1931 (and 
possibly even later than that), no individuals on Tahiti or Ua Huka carried mitotype one. 
Current samples demonstrate that on Tahiti 50% of the females are infected with wBoll 
and have mitotype one. The wBoll male-killer has thus invaded Tahiti and spread to 
approximately 50% prevalence.
It is interesting to note that the current high prevalence male-killing trait in Tahiti is 
equally due to the presence of the second male-killer, wBol3: 50% of the current female 
sample are infected with wBol3 and have mitotype six. Mitotype data from the 1920s in 
Tahiti demonstrate the lack of a strong association between wBol3 and mitotype six as a) 
although all females had mitotype six there was no evidence of male-killing in
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contemporary publications and b) 90% of males had mitotype six. There are three 
possible explanations for these findings. First, there was no h B o 1 3  infection and all 
mitotype six individuals were uninfected. Second, wBoB was present and associated 
with mitotype six but did not kill males or third, wBol3 and mitotype six were only 
loosely associated so that a proportion of individuals having mitotype six were infected 
with a male-killing wBol3 bacterium. This last possibility may be the most likely given 
that current and historic samples from Fiji also show this pattern.
On Ua Huka a slightly different pattern emerges. All individuals from 1931, male and 
female, have mitotypes eight, nine and ten. As in Tahiti, no ancient females carry 
mitotype one and hence were not infected with wBoll, but there are also no females 
carrying mitotype six in ancient Ua Huka samples, and hence wBol3 was, at best, rare in 
the population at this time. Again, similarly to Tahitian samples, current infected Ua 
Huka females now have mitotype one and therefore the wBoll infection at 86% 
prevalence. Unlike Tahiti, the remaining females in the population do not have mitotype 
six and the wBol3 infection. Rather, they are all uninfected and have mitotypes nine and 
ten.
These findings demonstrate that the wBoll infection has invaded and spread to medium 
prevalence in Tahiti and high prevalence in Ua Huka since 1931. However, the 
dynamics of wBol3 differs between the two islands. Tahiti has been invaded by this 
second male-killer at some point (unknown whether this is before or after 1931 
however) while the geographically distant Ua Huka population remains devoid of it.
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5.6.2.4 American Samoa: change in Wolbachia strain
Similarly to Viti Levu in Fiji, American Samoa has experienced a fall in prevalence of 
the wBoll male-killing infection. Unlike Viti Levu this infection has apparently been 
lost and has not been recovered. This study demonstrates that in the early 1920s wBoll 
was at approximately 50% prevalence. Today no wBoll exists but a 100% wBol2 
infection resides instead (Charlat et a l , 2006a). It remains unknown whether the wBol2 
infection was present in the population in the 1920s at the same time as the wBoll 
infection, as it is not associated with a particular mitotype. Thus wBoll may have 
experienced a crash and been lost from the population only to be replaced later by wBol2 
or alternatively wBol2 may have driven wBoll from the population. Indeed theory 
suggests that competition between strains may affect their prevalence (Engelstadter et 
a l, 2004a; Engelstadter et a l, 2004b). Recently it has been demonstrated that spatial 
heterogeneity in wBoll may be due to the presence of wBol2 (Charlat et a l, 2006a).
5.6.2.5 Southeast Asia: suppression o f male-killer action
As recently as the 1970s male-killing was still occurring in some populations of 
Southeast Asia, and 80% of females gave only female offspring (Clarke et a l, 1975). 
Samples prior to this period are consistent with male-killing activity in that no males 
have mitotype one although male sample size is low. The low number of males 
observed, in itself suggests that a male-killer may have been present at high prevalence 
as males would be rare in the populations and therefore less likely to be collected. The 
majority (88%) of females from the 1890s and early 20th Century however do have 
mitotype one indicating that around the turn of the 20th Century there was a high
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prevalence wBoll infection. Host suppression of the male-killing action of wBoll in 
Southeast Asian populations results in infected males, which have mitotype one, now 
surviving. Current samples demonstrate that a very high prevalence wBoll infection 
now exists in Borneo and Hong Kong with 100% of females having mitotype one, but 
also that suppression has allowed infected males to survive -  100% of current males also 
have mitotype one. The prevalence has therefore remained relatively stable and possibly 
even increased over the last 100-150 years despite the host suppressing the original 
driving force of the bacterium.
5.6.3 Flux in the K  bolina-Wolbachia association.
It is clear from this study that the last 100 years have witnessed large fluctuations in the 
H. bolina -Wolbachia interaction. It is also clear that in different populations and at 
different times the direction and trajectory of the flux differs widely. The age of the 
association is obviously an important factor in this, as is the proximity of the population 
to others, allowing movement of the infection and invasion events to occur. The 
difference between Independent Samoa and American Samoa is a case in point.
Infection dynamics in American Samoan H. bolina have changed widely in since the 
1920s -  from mid-prevalence wBoll infection to the 67% wBol2 infection observed 
today (Charlat et al., 2006a). This contrasts completely with the neighbouring and very 
near-by island of Independent Samoa where the extreme wBoll prevalence evident in 
2001 is likely to have existed 80 years ago.
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Modelling a host population infected with a male-killer demonstrated that the host could 
respond rapidly to the detrimental effects of the bacterium through rapid evolution and 
spread of a suppressor (Chapter four). This chapter demonstrates that inherited bacteria 
have also the ability to invade and spread rapidly through a host population. Indeed the 
Tahitian and Ua Huka host populations demonstrates invasion and spread by the male- 
killing wBoll strain within the last 80 years. Paradoxically, the speed of change 
observed in French Polynesia contrasts with the dynamics seen in Independent Samoa 
where the extreme prevalence male-killing infection has possibly been maintained for 
many years, despite the strong selective pressure on the host to suppress the infection. 
Current, and as yet limited, data indicate that the host suppressor of male-killing has 
finally reached this population changing the action of the wBoll infection (Charlat, pers. 
comm.). Theory predicts that with such a high prevalence infection in this population, 
and lack of the wBol3 infection, host suppression will spread extremely rapidly (Chapter 
four).
The flux evident in this interaction within the last 80-100 years is surprising. Why is 
male-killing lost and gained so frequently? This question remains open but it is likely 
that many factors are involved. First, the male-killing trait is particularly detrimental to 
the host (thus creating selection for host suppressors) but it can also be very efficient at 
driving the bacterium rapidly through the population. Both parties in the interaction are 
therefore under strong selection to adapt and counter-adapt to each other. The rapid 
invasion and spread of a male-killing infection, as evidenced by Tahiti and Ua Huka, 
suggests that the male-killer must have drive of substantial magnitude. It is therefore
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surprising that to date no evidence of drive has been found for male-killing Wolbachia in 
H. bolina. Hypotheses that the drive mechanism is too small to be detected can now be 
refuted. The search for a reason why H. bolina kills male hosts continues.
Second, as there are multiple Wolbachia infections present across the range of H. bolina 
it is potentially the case that strains compete within a population. As mentioned, theory 
suggests that competition between strains can influence prevalence (Engelstadter et a l, 
2004a; Engelstadter et a l, 2004b). Indeed recent investigations have demonstrated that 
Cl-inducing wBol2 can resist invasion by male-killing wBoll as it induces Cl in not just 
uninfected females but wBoll infected females too (Charlat et a l, 2006a).
A third possible factor influencing the amount of flux observed in this interaction may 
be that H. bolina inhabits many small islands across a large range. Small population size 
and restricted gene flow between populations will impact upon the prevalence of an 
infection and the infection will both spread though, and be lost from, the population at a 
faster rate. The number of islands inhabited by H. bolina can make male-killer 
colonisation events such as those observed in Tahiti and Ua Huka common. Hypolimnas 
bolina is known to be migratory and thus able to facilitate the invasion of Wolbachia to 
new populations. Conversely, localised extinction risk is also higher for the H. bolina- 
Wolbachia association due to the nature of its range, the sex ratio bias produced from 
male-killing and number of small populations.
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5.6.4 Implications of a rapidly fluctuating host-parasite interaction
The Wolbachia-H. bolina interaction had been thought to be remarkable as a case in 
which, although the host is infected in many populations with a high prevalence male- 
killing infection, there has only been scant evidence that the host has adapted to this 
infection. This thesis has shown that the host can, and has, evolved suppression of the 
action in some populations (Chapter two), but many other high prevalence populations 
exist without such evolution and also do not show evidence of male-killer driven 
changes in host behaviour or physiology. The African butterfly, Acraea encedon, which 
is infected with a Wolbachia male-killer, demonstrates sex-role reversal where males 
become choosey and females’ lek in populations where the sex ratio has become 
profoundly biased (Jiggins et al., 2000b). No such male-killer mediated changes in 
behaviour have been found in H. bolina even though equally high prevalence infections 
exist.
A recent study has investigated ejaculate partitioning in order to determine whether H. 
bolina males have adapted to the sex ratio bias created by Wolbachia (Charlat et al., 
2006b). In high prevalence male-killer infected populations it can be hypothesised that 
males would produce smaller spermatophores so that they could mate with more females 
and thus maximise reproductive fitness. However, in contrast to expectation, males 
produced smaller spermatophores in female-biased populations - not due to adaptive 
ejaculate partitioning but to depletion of male reproductive reserves i.e. fatigue. The 
flux in prevalence seen in this system may help explain why there is so little co-
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adaptation between the host and parasite - there is simply not always enough 
evolutionary time for one party to evolve in response to the other.
5.6.5 Future studies
Studying more H. bolina populations may reveal further variation in the H. bolina- 
Wolbachia interaction. In particular, it would be of interest to increase sample size in 
Borneo and Hong Kong, and further Southeast Asian countries such as the Philippines 
and Thailand where the suppressor is evident. More H. bolina specimens are known to 
be housed in the Natural History Museum, London including many from Southeast Asia. 
In addition, Clarke’s 1970s all-female lineages from Borneo are housed in this collection 
and would provide further evidence for the rate of spread of the suppressor of wBoll 
male-killer action.
5.6.6 Conclusion
There is one very important conclusion to make from this study and indeed from this 
thesis so far. Because this system is so dynamic, with fluctuations in prevalence, 
extinctions, invasions, and rapid changes in phenotype, understanding the interaction 
between Wolbachia and H. bolina will require this system to be continually sampled and 
investigated. The pattern of infection observed today in this system was different 
yesterday and will be different again tomorrow. To delineate the cause of the flux we 
need to see it in action.
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Chapter six: Are direct fitness effects 
important in the spread of a 
male-killer?
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6.1 Summary
The fitness of vertically transmitted bacteria is inextricably linked with that of their 
hosts. As such, it is expected that maternally transmitted symbionts will be selected to 
confer beneficial effects upon the female host. However, few instances of positive direct 
effects within male-killing symbioses have been demonstrated, even in populations 
where the male-killing bacterium is at high prevalence. This study investigates a high 
prevalence population of the wBo\l-H. bolina association. Four physiological traits 
were investigated: adult weight, adult size, development time and survivorship. The 
effects of infection upon these traits under nutritional stress and sibling competition 
were also investigated. There was no evidence for any direct effects of infection in this 
association. It is hypothesised that the male-killing wBoll strain is maintained at high 
prevalence in this population due to a near-perfect transmission rate, a highly efficient 
male-killing phenotype and the lack of a cost of infection in female H. bolina.
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6.2 Introduction
Several forces are involved in the maintenance and spread of a symbiont. One of the 
most important driving factors is the symbionts efficiency in transmitting itself vertically 
into the next generation of the host. Where bacteria are inherited vertically through a 
single sex, its prevalence in the host population is often additionally explained by the 
ability of the bacterium to alter the host’s reproduction, for example by inducing Cl or 
causing male-killing. Prevalence in these systems also depends on the penetrance of the 
phenotype -  the efficiency of the bacterium to express the manipulation (for example, 
the rate of survival of infected males in male-killing symbioses). Following this, the 
reproductive manipulation may indirectly induce fitness compensation effects such as 
sibling cannibalism, reduction in sibling competition for resources and inbreeding 
avoidance. These spread the parasite through the host population by conferring indirect 
fitness benefits to infected females relative to uninfected females.
In some cases however, the transmission efficiency and the reproductive manipulation 
have not been sufficient to explain fully the population dynamics observed. Previous 
studies demonstrate that in some associations no reproductive manipulation is expressed 
by the symbiont (for example by the wAu strain in Drosophila simulans (Hoffmann et 
al, 1996)). Further, there are cases of perfect vertical transmission efficiency in 
populations where the symbiont is, paradoxically, at low prevalence (Majerus et a l,
1998). Conversely, studies demonstrating high prevalence infection and inefficient 
vertical transmission also exist, for example in Acraea encedana (Jiggins et a l, 2000a).
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This has led to direct fitness effects being hypothesised where the host’s biology is 
altered directly by the infection. All of these forces are introduced in Chapter one of this 
thesis. This chapter thus focuses on direct fitness effects of infection.
6.2.1 Direct effects of heritable symbionts
As previously mentioned, vertical inheritance of symbionts links the fitness of a 
symbiont to that of the female host. Symbionts conferring beneficial fitness effects on 
the host are more likely to invade new host populations, and also will supplant pre­
existing strains that lack this feature. The opposite would be observed for a symbiont 
which induces negative effects -  a lower likelihood of invasion, and a lower prevalence 
in the host population. It is plausible therefore to expect the bacterium to evolve 
towards mutualism, or at the very least confer some benefit to the infected host sex that 
transmits it, in order to increases its transmission through the host population. These 
‘benefits’ may be realised indirectly, in the form of fitness compensation, or directly, in 
the form of increased weight, fecundity or survival for example. Indeed, the full 
spectrum of effects has been demonstrated. Some symbionts evolve benign associations 
with neutral effects on host fitness (e.g. Bourtzis et a l, 1996), some symbionts confer 
beneficial effects such as higher host fecundity (e.g. Dobson et a l, 2002; Dobson et al, 
2004) and increased host resistance to pathogens (e.g. Oliver et a l, 2003), while some 
are involved in an obligatory mutualistic relationship where the symbiont provides the 
host with essential nutrients, whilst losing the ability to survive extracellularly (e.g. 
Douglas, 2003). Interestingly, in some systems the symbiont has also been
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demonstrated to confer negative direct fitness effects on the host, possibly doing so 
because of a trade-off between titre and the transmission efficiency (e.g. Fleury et al., 
2000). Decreasing the cost of infection may be at the expense of decreasing the 
transmission efficiency.
6.2.1.1 Primary symbionts
Many insects have a restricted diet and so rely on microbial symbionts for the provision 
of essential nutrients which they themselves cannot synthesise. Tsetse flies (Diptera: 
Glossinidae), feed exclusively on blood and rely on bacterial symbionts for the vitamins 
not available through this diet. The bacterial symbionts are thought to have a role in B 
vitamin metabolism as aposymbiotic tsetse flies created by treatment with antibiotics 
(who show a decrease in the ability to reproduce and develop fully) have these functions 
restored when supplied with a bloodmeal which is supplemented with B vitamins. The 
genome of one of the symbionts, Wigglesworthia glossinidia, retains many genes which 
are involved in the synthesis of B vitamins and has lost the ability to be free-living - 
making it the candidate mutualistic symbiont in this case (Akman et al., 2002; Aksoy, 
2000; Aksoy, 2003).
A further example of a mutualistic symbiosis is the intracellular bacterium from the 
genus Blattabacterium which is found in all cockroaches so far examined. There is 
some evidence that the symbiont is involved in the nitrogen metabolism of its host - 
antibiotic treated cockroaches show poor development and lay fewer and less viable 
eggs than infected cockroaches. The phylogenies of the host and symbiont are
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concordant (Lo et al., 2003), giving support to the theory that a mutualistic association 
has evolved.
One of the most convincing examples of host-symbiont mutualism is the Buchnera- 
aphid symbiosis previously discussed earlier in this thesis. The phylogenies of 
Buchnera and the aphid host are strictly congruent (Baumann et al., 1995) supporting 
the hypothesis that the association is one of obligate mutualism. Buchnera are 
dependent on their intracellular lifestyle in aphids - their genome is remarkably small 
and several metabolism pathways are inextricably linked with that of the metabolism of 
the aphid. The aphid in turn requires Buchnera for optimal fitness and fertility, with the 
bacteria providing the aphid with essential amino acids. Aphids treated with antibiotics 
to remove Buchnera are unable to synthesise essential amino acids whereas the bacterial 
genome, despite its small size, contains all the necessary genes for amino acid synthesis 
and Buchnera can indeed synthesise amino acids. The mutual dependence observed fits 
with the observation that the diet of aphids, phloem sap, is severely deficient in essential 
amino acids (Douglas, 2003; Buchner, 1965).
6.2.1.2 Secondary symbionts
Some aphid species also harbour secondary symbionts which confer a beneficial effect 
in the form of parasitoid resistance, although in contrast to Buchnera, they are not 
required. The pea aphid, Acyrthosiphon pisum, is naturally parasitised by the parasitoid 
wasp, Aphidius ervi. Many secondary symbionts have been found in this species of 
aphid including the facultative symbionts Hamiltonella defensa and Serratia symbiotica
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which confer resistance to this parasitism by causing high mortality of developing 
parasitoid larvae. The level of resistance was found to be due not to the host genotype 
but to the symbiont, with increased resistance to parasitoids observed when the host is 
superinfected with both symbionts (Oliver et a l, 2005; Oliver et a l, 2003; Oliver et al, 
2006). The ability of the symbiont to bestow resistance to parasitoids is not mirrored in 
Drosophila simulans, where Wolbachia infection reduces the ability of infected females 
to encapsulate parasitoid eggs, hence increasing vulnerability (Fytrou etal., 2006). 
Secondary symbionts may also provide some resistance to fungal pathogens. For 
example, A. pisum aphids carrying the PAUS (U) bacterium were more resistant to the 
fungi Pandora (Erynia) neoaphidis than those that lacked the bacterium (Ferrari et al, 
2004).
In addition to a role in parasitoid and fungal resistance, some secondary symbionts of 
aphids have demonstrated an ability to confer tolerance to heat shock in their host. A 
recent study found that the effects of secondary symbionts vary with temperature, with 
two symbionts conferring higher fitness for aphid lines when exposed to heat shock. 
However, another symbiont was demonstrated to impose a cost following heat shock by 
reducing survival. How exactly this is linked with Buchnera survival under high 
temperatures is unknown at present (Montllor et a l, 2002; Russell & Moran, 2006).
Of course as seen above, direct effects are not always beneficial. Negative impacts are 
also commonly recorded. It is also commonly the case that no direct effects are seen in 
host-bacterial symbioses. The male-killing bacterium Arsenophonus nasoniae has been
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found to have no direct effect on body size in the wasp Nasonia vitripennis. Horizontal 
transmission of the symbiont and indirect fitness advantages afforded to infected females 
through male-killing are likely factors therefore in the maintenance and spread of this 
parasite (Balas et al., 1996).
6.2.2 Direct effects in Wolbachia symbioses
In order to illustrate the immense variation in the effects that Wolbachia strains can have 
on their host, below are some examples where positive, negative and no direct effects 
have been observed (studies investigating Wolbachia and direct fitness effects are 
summarised in Table 6.1, and cases of male-killer symbioses in Table 6.2, note: 
investigations are biased towards systems that show an effect).
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Host Repro.
manip.*
Strain
(where
named)
Direct
effect
Description Reference
Drosophila
ananassae
Cl NA None NA (Bourtzis et a l , 
1996)
Drosophila
melanogaster
Cl wMel None NA (Harcombe & 
Hoffmann, 2004)
Drosophila
sechellia
Cl NA None NA (Bourtzis et al., 
1996)
Drosophila
simulans
Cl Californian 
cultures of 
D.simulans 
wHa& 
wNo
Cost
None
Decreased fecundity; 
reduced ability to 
encapsulate parasitoid eggs 
NA
(Hoffmann e ta l, 
1990; Fytrou et 
al., 2006) 
(Hoffmann et al., 
1996; Poinsot& 
Mer^ot, 1997)
Sphyracephala
becarii
None NA Benefit Increased male fertility (Hariri etal., 
1998)
Trichogramma 
deion and 
T. pretiosum
PI NA Cost Reduced offspring 
production
(Stouthamer & 
Luck, 1993)
Asobara
tabida
None wAtab3 Benefit Necessary for oogenesis (Dedeine et al., 
2001)
Leptopilina
heterotoma
Cl NA Cost Reduced fecundity, adult 
survival and locomotor 
performance
(Fleury et al., 
2000)
Nasonia
vitripennis
Cl wAv & 
wBv
None NA (Bordenstein & 
Werren, 2000)
Aedes
albopictus
Cl wAlbA & 
wAlbB
Benefit Increased fecundity (Dobson et al., 
2002; Dobson et 
al., 2004)
Tribolium
confusion
Cl NA Benefit
&cost
Increased male fertility, 
decreased female fecundity
(Wade & Chang, 
1995)
Brugia
pahangi
None NA Benefit Increased reproduction and 
development
(Bandi etal., 
1999)
Litomosides
sigmidontis
None NA Benefit Increased reproduction and 
development
(Hoerauf et al., 
1999; Mccall et 
al, 1999)
Onchocerca
ochengi
None NA Benefit Obligate symbiosis (Langworthy et 
al, 2000)
Armadillidium
vulgare
Fern** NA Cost Decreased fertility due to 
sperm depletion
(Rigaud & 
Moreau, 2004)
Table 6.1 Studies investigating host-Wolbachia symbioses and the presence of any direct fitness 
effects. * Reproductive manipulation **Feminisation. NA = not ascertained.
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Male-killing
symbiont
Host Direct
effect
Description Reference
Wolbachia Acraea
encedon
None na (Jiggins etal ,  2002)
Drosophila
bifasciata
Cost 10-15% decrease in egg 
production
(Ikeda, 1970)*
Drosophila
willistoni
Benefit Increased larval 
development rate
(Ebbert, 1991)
Rickettsia
relative
Adalia
bipunctata
Cost Decreased fecundity and 
longevity
(Hurst ef a l, 1994)
Flavobacteria Adonia
variegata
Cost Decreased fecundity (weak 
effect)
(Hurst et a l, 1999a)
Unknown Epiphyas
postvittana
Cost 50% decrease in egg 
production
(Geier etal ,  1978)
Table 62  Studies investigating male-killing symbioses and the presence of any direct fitness 
effects. *The male-killer in this species was later discovered to be Wolbachia (Hurst et a l,
2000).
6.2.2.1 Positive direct effects
Little evidence of Wolbachia-ccmiQTXQd positive direct effects has been found. This may 
be due to the ability of Wolbachia to manipulate the reproduction of the host - positive 
effects may be less likely to evolve. The few examples of beneficial Wolbachia include 
the wasp Asobara tabida which is infected with three Wolbachia strains. Strains 
wAtabl and wAtab2 cause Cl but confer no direct effects whereas the third strain, 
wAtab3, has no discemable reproductive manipulation but is required for host oogenesis. 
Fitness effects were discovered when antibiotic-cured, aposymbiotic females were 
observed to have empty ovaries and failed to produce mature oocytes. This system is 
interesting as it seems that the symbiont is very specific, with no other physiological 
effects apart from affecting oogenesis. Further there seems to be a relationship between
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oocyte production and Wolbachia density. Variation in the degree of dependence on 
Wolbachia across populations of A. tabida for oocyte production has been documented - 
some cured populations of A. tabida still produce oocytes, however they are smaller and 
fewer and any larvae that hatch successfully die early. Thus, dependence on this 
Wolbachia strain is still complete in this host species. This system has been described as 
being an example of the transition of a symbiont from facultative to obligate (Dedeine et 
a l , 2001; Dedeine et al, 2004; Dedeine et a l, 2005).
A study supporting the idea that Wolbachia can act parasitically but also confer 
beneficial direct effects occurs in the Asian tiger mosquito, Aedes albopictus, system. 
This mosquito is infected with two strains of Wolbachia (wAlbA and wAlbB) which 
cause Cl. By again employing antibiotics, it was observed that aposymbiotic lines 
displayed reduced fecundity. Infected females live longer and have a higher hatching 
rate relative to uninfected females. Thus Wolbachia can act both parasitically by 
altering the reproductive biology of the host (Cl in this case) and beneficially by directly 
influencing host physiology. This confers a reproductive advantage to infected females 
relative to uninfected females in two ways in order to increase its transmission and 
ultimately prevalence in the host population (Dobson et a l, 2002; Dobson et a l, 2004).
In contrast to predictions that a maternally inherited symbiont should confer benefits (if 
at all) upon the transmitting sex, in the flour beetle, Tribolium confusum, Wolbachia 
infection again results in Cl, but the symbiont appears to increase male fertility.
Although this initially seems counter-intuitive, Wolbachia increases male fertility by
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affecting sperm competition within females. Sperm from infected males outcompete 
sperm from uninfected males when present in the same female. Though Wolbachia 
accelerates its spread through the host population by enhancing infected male fertility, 
female fecundity decreases as infected females have fewer offspring than uninfected 
females. The deleterious effects of infection in the female may outweigh the 
reproductive advantage granted by Cl-expressing Wolbachia once the infection becomes 
common, preventing the infection from reaching fixation in the host population (O'Neill, 
1995; Wade & Chang, 1995).
Studies of direct effects have not been limited to arthropods. The Wolbachia 
endosymbionts found in filarial nematodes are phylogenetically distant to those found in 
arthropods and are present in several species, including those that cause several animal 
and human diseases. The prevalence is usually very high, and the infections appear 
stable, with no evidence of horizontal transmission and no parasitic reproductive 
manipulation. Overall, antibiotic experiments demonstrate that the Wolbachia-nematode 
association is obligatory with Wolbachia being necessary for embryogenesis, fertility, 
microfilarial (LI) production and filarial development, amongst others (Hoerauf et al.,
1999).
6.2.2.2 Negative direct effects
As argued above, a first view would suggest that no cost of infection is expected to 
evolve when the symbiont is vertically transmitted, as any cost would lower the 
frequency of the infection. However several cases of negative effects have been
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documented. Negative effects upon the infected female only occur if they are balanced 
out by the fitness advantage granted by the reproductive manipulation employed by the 
symbiont. The terrestrial isopod Armadillidium vulgare is one such case. In this 
woodlouse, Wolbachia distorts the host sex ratio by feminising genetic males. This sex 
reversion is a potent means for the parasite to increase in frequency but it also has 
consequences on the host biology and consequently the parasite prevalence. Uninfected 
females have been shown to mate more frequently than infected females when there is 
male choice, possibly due to infected females being sex-reversed males (Moreau et at., 
2001). In addition, the excess of females in the population created by the symbiont 
results in higher levels of multiple mating by males which depletes sperm number and in 
turn decreases the fertility of infected females, possibly due to their reduced ability to 
utilise sperm as efficiently as uninfected females (Rigaud & Moreau, 2004). The 
resultant prevalence of the Wolbachia in this system is therefore the result of a trade-off 
between the reproductive manipulation and the fitness costs resulting from such a 
manipulation.
This trade-off between the parasitic reproductive manipulation and fitness costs can be 
seen again in the parasitoid wasp Leptopilina heterotoma but with the distinction that the 
physiological costs incurred are not an indirect result of the reproductive manipulation. 
Three strains of Wolbachia are found to co-infect wasp hosts and cause males to induce 
Cl on uninfected females, although the respective roles of the three strains in Cl remains 
unknown. In addition to this effect, infected individuals of both sexes experience 
reduced fecundity, adult survival and locomotor performance when compared with
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uninfected individuals. This profound negative impact upon the biology of the host may 
be explained by a high bacterial load which may increase the transmission efficiency, 
but at the expense of a cost of infection (Fleury et al., 2000).
6.2.2.3 No direct effects
Since the fitness of the symbiont and transmitting host are linked, selection on 
Wolbachia will favour a reduction in fitness costs for infected females. Wolbachia may 
therefore ‘adopt’ neutrality with respect to direct effects and indeed many examples of 
symbioses where no direct effects are observed exist. In host populations where the 
symbiont has reached high prevalence, positive fitness effects, or at least a lack of 
detrimental effects, may be expected to have evolved. As previously mentioned, the 
butterfly Acraea encedon is infected with a male-killing Wolbachia at extremely high 
prevalence in some populations. However, upon investigation no direct fitness effects of 
infection were found. The male-killing phenotype and lack of a cost of infection, along 
with high transmission rates is thought to be responsible for the high prevalence of 
infection in this system (Jiggins et a l, 2002).
6.2.3 Direct effects in the Hypolimnas bolina-Wolbachia symbiosis
Male-killer-host interactions generally exhibit low or intermediate prevalence levels. 
However, in some systems such as A. encedon and H. bolina populations, male-killing 
Wolbachia can be close to fixation (Jiggins et a l, 2002; Dyson & Hurst, 2004). Indeed, 
the latter shows remarkable variance in the prevalence of the symbiont across the host
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species’ geographic range (from absence to 99% infection prevalence) (Charlat et al., 
2005).
Several factors may contribute to the extreme prevalence observed in male-killing 
systems including perfect maternal transmission, large effects of male death on female 
survival (indirect fitness effects), and contributions to host female physiology directly 
associated with infection (direct fitness effects). Variation in the levels of these factors 
may help explain the variation in the prevalence of Wolbachia observed in different H. 
bolina populations, with symbionts in high prevalence populations being the most likely 
to confer beneficial fitness effects.
As mentioned in Chapter five, population genetic data based on mtDNA haplotype 
frequency across infected and uninfected specimens has demonstrated near perfect 
maternal transmission of the male-killer in this system, again making it comparable to 
the Acraea encedon-Wolbachia interaction (Jiggins et al., 2002). However, even though 
transmission efficiency is apparently perfect, in many populations the prevalence is not 
the then expected 100%.
In sum, the H. bolina-Wolbachia interaction presents a paradox for various reasons. 
First, although prevalence of the infection varies greatly across the butterfly’s range, 
maternal transmission has been shown to be perfect. Second, we now know that male- 
killing can spread very quickly (see Chapters two, four and five), however no great 
advantage of male-killing has been found - there is no evidence of fitness compensation
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in this system (Dyson, 2002). In addition, this thesis describes how not all populations 
of H. bolina infected with the Wolbachia strain, wBoll, exhibit male-killing due to the 
spread of a host suppressor. In these populations, a second reproductive manipulation 
has been discovered (Chapter three), but this cannot explain the variable prevalence of 
the male-killing Wolbachia present in populations lacking the host suppressor -  
additional drive is likely to be accountable. It can therefore be hypothesised that direct 
fitness effects may play an important role in the prevalence variation found throughout 
the host’s range.
Until recently there has been no conclusive evidence of a positive direct fitness effect 
being found in a male-killer-arthropod interaction. Indeed in most male-killer 
symbioses that have been demonstrated to exhibit direct effects, the infection has 
negative fitness effects upon the host. Dyson investigated the H. bolina-Wolbachia 
relationship with regard to direct fitness effects in populations from Fiji and Independent 
Samoa in the South Pacific. The results demonstrate that in Fijian populations, infected 
females were both significantly heavier as adults, and have higher survivorship, than 
uninfected females. Fore-wing size was also significantly larger in infected females. 
Results from Independent Samoa show a similar trend, although only the adult weight 
difference was significant due to small sample size (Dyson, 2002). In these populations 
infected females therefore profit from increased reproductive success due to a higher 
survival rate, and also being heavier and slightly larger often confers an advantage in 
terms of increased fecundity (Hughes et al., 2000).
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6.2.4 This investigation
Direct fitness effects were investigated in Rurutu, French Polynesia, where prevalence of 
the Wolbachia strain, wBoll, is high (73%, n=62) (Charlat et a l, 2005). In testing for 
direct effects, comparable infected and uninfected populations of the host are required.
In most studies the uninfected populations used are usually antibiotic-treated infected 
populations and so any effect observed could be attributed to the antibiotic treatment 
itself, or the endotoxins released by the bacteria when killed. In order to establish 
whether direct effects exist in such a study, negative effects of the antibiotic must first 
be ruled out. This system has the advantage that uninfected and infected populations, 
and populations where there is polymorphism for infection, are available, allowing 
comparative studies to be performed without the need for antibiotics.
The majority of experiments investigating direct effects are performed under ideal 
conditions. In contrast, little is known about the effect of infection under stressful 
conditions (Olsen et a l, 2001), despite the fact that other endosymbionts aid hosts this 
way by increasing tolerance (Montllor et a l, 2002). Previous investigations of the H. 
bolina-Wolbachia symbiosis into such effects were conducted using excess amounts of 
food. This study will test the effect of infection under conditions of nutritional stress 
(where beneficial effects and costs are likely to be amplified) and conditions of excess 
food used in previous studies. In addition, I will test whether infected females are better 
equipped to deal with sibling competition by rearing individuals in groups versus alone. 
Four different traits will be measured in order to ascertain whether infection with a
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male-killer directly affects the physiology of the female host: adult size, adult weight, 
development time and survivorship to adult.
6.3 Aim
To determine whether infection with Wolbachia confers direct fitness effects in female 
H. bolina in a stressful and/or optimal environment.
6.4 Method
This investigation was undertaken in two parts: in 2004 a preliminary study determining 
the effect of nutritional stress and competition on the presence of direct fitness effects in 
Wolbachia infected female H. bolina, and in 2005 a more robust investigation was 
conducted, focusing on individual excess fed female H. bolina. The investigations differ 
only in rearing conditions and sample size, and this is indicated.
6.4.1 Source of HypoUmnas bolina
Wild female H. bolina were collected in May 2004 and May 2005 in Rurutu, French 
Polynesia (Figure 6.1). This population was chosen because the prevalence of the male- 
killer, wBoll, is sufficiently low for uninfected individuals to be available for collection, 
yet still remaining a high prevalence population (73%, n=62) (Charlat et a l, 2005). 
Hypolimnas bolina is also fairly common on this island (pers. obs.). Butterfly rearing 
was carried out in Moorea, French Polynesia at the Richard B. Gump Field Research 
Station, University of Berkeley between May and July 2004, and May and June 2005. 
PCR assays were conducted at UCL, London in October 2004 and August 2005.
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6.4.2 Oviposition conditions
Collected wild female H. bolina were induced to oviposit in a similar manner to that 
discussed in Chapter two.
6.4.3 Determining infection status
Infection status (male-killer infected / uninfected) was initially determined 
phenotypically from egg hatch rate. Oviposition occurs on day zero. On day four the 
eggs develop and hatch. On day five the number of green eggs (infertile eggs), brown 
eggs (male-killed eggs - developed but unhatched) and hatched eggs (1st instar larvae) 
are counted in each clutch. The egg hatch rate was calculated by dividing the number of 
hatched eggs by the number of hatched eggs summed to the number of brown eggs. A 
low egg hatch rate (c. 50%), and a sex ratio of zero is characteristic of male-killing. A 
normal clutch is characterised by a high egg hatch rate and a sex ratio approximating 
1:1. Post-hoc PCR assay later confirmed infection status using the method set out in 
Chapter two and Appendix Al .1 and A2.
6.4.4 Rearing conditions
Once the infection status of each line was determined, an infected line was paired with 
an uninfected line producing five pairs in the 2004 experiment, and eight pairs in 2005. 
Within pairs, infected and uninfected lines were subjected to the same temperatures,
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light conditions and food. Larval food comprised of fresh leaves of Asystasia gangetica, 
that was collected in a local field in Moorea as needed. Containers were checked for 
pupae every day and the date of pupation recorded. The date of any death was also 
recorded.
6.4.4.1 Preliminary study, 2004
On day six after oviposition, 40 larvae were randomly chosen from each of the ten lines 
and then separated into four treatments:
Treatment Grouped/Individual Diet Sample size
1 Grouped Excess fed 10 larvae per container
2 Grouped Starved 10 larvae per container
3 Individual Excess fed 10 containers containing 1 larvae
4 Individual Starved 10 containers containing 1 larvae
Table 6 3  Rearing conditions used in the pilot study, 2004.
The larvae were split into four treatments in order to observe the effect of the amount of 
food available on the fitness of female H. bolina, and also to observe whether being in a 
group and hence competing for resources and space has an effect.
When fed in excess, enough food was given so that the larvae never ran out. The 
amount given to the larvae increased as they developed. When starving larvae, only a 
small amount of food was given, and the amount of this again changed as the larvae
2 3 3
aged. The amount was small enough to ensure that it ran out before the next time they 
were fed.
6.4.4.2 Full investigation, 2005
On day six, 20 larvae were randomly chosen from each infected line (eight lines) and put 
in a container together with excess food. Similarly on day six, two lots of 20 individuals 
from each uninfected line (eight lines) were randomly chosen and put into two 
containers of 20 together with excess food (twice as many are needed as males are not 
killed and it was not possible to determine sex at the larval stage). An infected line was 
paired with an uninfected line at the beginning of the experiment, with conditions being 
identical within a pair, although conditions were maintained similarly for all pairs. On 
day ten the larvae were placed in separate containers with excess food. Containers are 
cleaned out, and fresh food given every third day until day 21, and then every second 
day until pupation.
6.4.5 Measurements
6.4.5.1 Adult wet weight
Increased adult body mass is often taken as a proxy for female fecundity in butterflies, 
as females commonly obtain all amino acids and lipid for egg production in the larval 
phase from the plants eaten (Hughes et al., 2000). Once an adult had emerged, it was 
left for 24 hours and then weighed by placing the pot containing the emerged butterfly 
onto a balance and the weight recorded in grams. The adult was then removed from the
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pot, and the pot re-weighed. The difference is the wet weight of the adult. Only female 
progeny were weighed from uninfected lines, because there is no comparator for 
uninfected males, the males from infected lines having died due to male-killing.
6.4.5.2 Wing size
The size of female butterflies is indicative of their fitness as larger females are likely to 
carry more eggs and therefore be able to have higher productivity. In order to measure 
the size of the female, four wing measurements were taken as proxy, one from each 
wing. The same section of vein was measured for both forewings, and the same for each 
hindwing (Figure 6.2).
All fouy/ wings were removed from the body of the butterfly using tweezers. They were 
then laid onto acetate and attached using Sellotape®, taking care not to cover the section 
to be measured. Using tissue paper, the scales of the wing were gently removed from 
the area to be measured so that the vein landmarks could be more easily seen.
Once the acetate had been filled, each page was scanned onto a computer using a high 
resolution, 24-bit colour and 400dpi. The images were saved as JPEG format and then 
opened in ImageJ 1.34s (Wayne Rasband, National Institutes of Health, USA, 
http://rsb.info.nih.gov/ij/). This programme enables the distance between two landmarks 
to be accurately measured in millimetres. A standardised scale was set using a piece of 
millimetre paper attached to the acetate next to the wings.
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Figure 6 2  Diagram showing A. the ventral view of H. bolina indicating the size proxy 
measured, B. a single fore-wing indicating the vein section and landmarks measured and C. a 
single hind-wing indicating the vein section and landmarks measured (adapted from Charlat, 
unpublished).
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6.4.5.3 Development time
This was measured by recording the time in days from oviposition to pupation, and from 
pupation to emergence of the adult, for each individual. Statistical analysis will be 
performed on the total development time (oviposition to emergence). A shorter 
development time may be optimal for the butterfly because the larval and pupal stages 
may be periods associated with a higher risk of death due to desiccation, starvation or 
predators.
Development time is likely to be correlated with size and weight, with females which 
develop faster being smaller and lighter. A trade-off therefore exists between these 
parameters. A benefit may be conferred increasing the weight of a female but keeping 
the development time the same. Reciprocally, a benefit may exist where the weight 
remains the same but development time is shortened. However, if the infection causes a 
lower mass but faster development, or a higher mass but slower development, it would 
be difficult to determine whether the trade-off between the two parameters resulted in a 
positive, negative or neutral effect.
6.4.5.4 Survivorship
During the experiment the number of deaths per treatment, per line was recorded. From 
this, egg-adult survivorship was calculated. In order to compare mortality it was 
assumed that the primary sex ratio of egg laid by infected and uninfected females was 
similar as it was not possible to sex eggs or larvae. Clarke et al. noted that a 1:1 sex 
ratio exists among developing ova of H. bolina -  discovered by determining the sex of
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both eggs and larvae by the presence of a heteropycnotic body within somatic cells of 
the heterogametic sex (the female) (Clarke et al., 1975). Upon emergence of the adults 
the sex ratio was confirmed as being 1:1 in uninfected lines. This indicates that any 
deaths until emergence were random with regard to sex. In order to achieve an equal 
sample size of females in each line, the number of larvae reared in uninfected lines was 
initially double that of infected lines (half of the progeny are male in uninfected lines).
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6.5 Results
6.5.1 Preliminary study, 2004
The results are presented as within-pair analyses. Pair five is excluded in the statistical 
analysis due to the uninfected line of this pair dying out during the experiment. The 
effect of the mother’s size (hind- or fore-wing as proxy) is examined in each case to 
control for maternal line effects. The results for adult wet weight and size are given in 
Table 6.4; results for development time and survivorship are given in Table 6.5.
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Adult wet weight 
(g)
Adult fore-wing size 
(mm)
Adult hind-wing size 
(mm)
Pair U/B IE IS GE GS IE IS GE GS IE IS GE GS
1 U
wBoll
0.35 
±0.05 (4)
0.44
±0.02 (9)
0.28 
±0.08 (2)
0.32
±0.01 (10)
0.33 
±0.06 (2)
0.41
±0.01 (10)
0.33 
±0.03 (3)
0.36
±0.01 (8)
6.10 
±0.24 (3)
6.70
±0.12(9)
5.94
±0.56(2)
6.83
±0.14(9)
5.88
±0.24 (2)
6.8
±0.09 (10)
5.74
±0.10(2)
6.49
±0.11 (8)
4.45
±0.14(3)
4.64
±0.08 (9)
3.66
±0.10(2)
4.79
±0.09 (9)
3.97
±0.14(2)
4.79
±0.07 (10)
3.68
±0.16(2)
4.62
±0.06 (8)
2 U
wBoll
0.37 
±0.02 (5)
0.45
±0.02 (10)
0.29 
±0.03 (4)
0.33
±0.01 (8)
0.37 
±0.02 (2)
0.43
±0.02 (9)
0.33
±0.03 (5)
0.32 
±0.01 (8)
6.62 
±0.08 (5)
6.95
±0.13(10)
6.61
±0.22 (3)
6.60
±0.15(8)
6.26
±0.19(2)
6.76
±0.07 (9)
6.41
±0.13(5)
6.19
±0.12(8)
4.53
±0.02 (5)
4.70
±0.09 (10)
4.37
±0.14(4)
4.32 
±0.09 (8)
4.38
±0.30 (2)
4.57
±0.09 (9)
4.37
±0.06 (5)
4.31 
±0.07 (8)
3 U
wBoll
0.41
±0.02 (3)
0.41
±0.02 (9)
0.28
±0.01 (7)
0.33
±0.01 (9)
0.42
±0.03 (3)
0.46
±0.02 (6)
0.39
±0.03 (4)
0.38 
±0.01 (9)
6.85
±0.12(3)
6.35
±0.12(9)
6.53
±0.09 (7)
6.30 
±0.09 (9)
6.99
±0.08 (3)
6.50
±0.16(6)
6.73
±0.20 (4)
6.31
±0.09 (10)
4.66
±0.08 (3)
4.49
±0.08 (9)
4.34
±0.09 (6)
4.35
±0.03 (9)
4.58
±0.24 (3)
4.54
±0.18(6)
4.45
±0.11 (4)
4.32
±0.10 (10)
4 U
wBoll
0.38 
±0.01 (3)
0.38
±0.01 (10)
0.35
±0.01 (2)
0.34 
±0.01 (9)
0.42
±0.02 (5)
0.37 
±0.03 (7)
0.32 
±0.03 (5)
0.37
±0.04 (5)
6.15
±0.20 (3)
6.49
±0.08 (9)
6.21
±0.06 (2)
6.56
±0.12(9)
6.29
±0.08 (5)
6.22
±0.14(6)
6.16
±0.16(5)
6.49
±0.24 (5)
4.17
±0.13 (3)
4.53
±0.10(9)
4.12
±0.01 (2)
4.55
±0.09 (9)
4.17
±0.11 (5)
4.20
±0.17(7)
4.00
±0.09(5)
4.32
±0.04 (5)
5 U NA NA NA NA NA NA NA NA NA NA NA NA
wBoll 0.40 
±0.03 (9)
0.40
±0.02 (9)
0.49
±0.03 (8)
0.37 
±0.02 (9)
6.36
±0.12(9)
6.74
±0.07 (8)
6.50 
±0.10 (8)
6.30
±0.12(9)
4.09
±0.11 (9)
4.14
±0.10(8)
4.22 
±0.07 (8)
4.04
±0.10(9)
Table 6.4. Results of the 2004 pilot investigation into the effect o f infection on adult wet weight and adult size. Infection is given as: uninfected 
females (U) and wBoll infected females (wBoll). The four treatments are: Grouped and excess fed (GE); Grouped and starved (GS); Individual 
and excess fed (IE); Individual and starved (IS). Within each pair the larger value is in bold. Sample size is given in parentheses. NA = not 
ascertained.
Development time 
(O-E, days)
Survivorship 
(proportion survival)
Pair Infection IE IS GE GS IE IS GE GS
1 U 33.50
±0.50 (4)
37.00 
±2.00 (2)
33.50
±0.50(2)
37.00
±1.15(3)
0.9 0.7 0.6 0.9
wBoll 33.22 
±0.72 (9)
38.70
±0.50(10)
33.80
±0.42 (10)
36.88
±0.35 (8)
0.9 1 1 0.8
2 U 32.00 
±0.55 (5)
37.50
±1.04(4)
32.50 
±0.50 (2)
35.80
±1.07(5)
1 0.9 0.7 1
wBoll 34.00
±0.47 (10)
39.63
±0.32 (8)
33.67
±1.31 (9)
34.75 
±0.53 (8)
1 0.8 0.9 0.8
3 U 33.67 
±0.88 (3)
37.43 
±0.20 (7)
33.00 
±0.58 (3)
37.50
±0.87 (4)
0.9 1 0.9 0.8
wBoll 34.22
±0.46 (9)
39.00
±0.41 (9)
34.17
±0.75 (6)
37.33 
±0.55 (9)
0.9 0.9 0.6 1
4 U 32.00 
±0.58 (3)
36.50 
±0.50 (2)
32.60 
±0.51 (5)
36.00
±0.32 (5)
1 1 0.9 0.9
wBoll 33.60
±0.37(10)
37.33
±0.29 (9)
33.14
±0.26 (7)
35.60 
±0.75 (5)
1 0.9 0.7 0.5
5 U NA NA NA NA NA NA NA NA
wBoll 36.56
±0.90 (9)
41.00
±0.50 (9)
36.13 
±0.48 (8)
38.00 
±0.62 (9)
0.9 0.9 0.8 0.9
Table 6.5. Results of the 2004 pilot investigation into the effect of infection on development time and survivorship. Infection is given as: 
uninfected females (U) and wBoll infected females (wBoll). The four treatments are: Grouped and excess fed (GE); Grouped and starved (GS); 
Individual and excess fed (IE); Individual and starved (IS). Within each pair the larger value is in bold. Sample size is given in parentheses. NA 
= not ascertained.
6.5.1.1 Adult weight
Female H. bolina that were fed excess food (individually or group reared) weigh 
significantly more than females that are starved (ANOVA F=36.520, d.f =3, p<0.0001). 
There is however, no effect of rearing individually or grouped on the wet weight of 
females, independent of whether they are fed excessively or starved. There was no 
infection x treatment interaction and the mother’s size (hindwing measurement used) 
does not affect the weight of the female offspring. Development time significantly 
affects the weight of females (ANOVA F=14.852, d.f.=l, p<0.001) - the longer the 
development time, the heavier the female. There is a tendency for infected females to be 
heavier (when development time and treatment, or just treatment, are controlled for), 
although the results are not significant.
6.5.1.2 Adult size
Treatment also significantly affects adult size, with grouped/starved individuals being 
smaller (forewing: ANOVA F=5.385, d.f =3, p=0.001; hindwing: ANOVA F-5.881, 
d.f.=3, p<0.001) than those in other treatments. Infection does not affect adult size 
although there is a trend towards infected individuals being smaller than uninfected 
individuals. There was no infection x treatment interaction and the mother’s size 
(comparative wing measurement used) does not significantly affect the size of the 
female offspring.
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6.5.1.3 Development time
Consistent with the findings above, treatment significantly affects development time 
(ANOVA F=99.228, d.f =3, p<0.0001). Females that were starved (reared as individuals 
or groups) took longer to reach adulthood than those that were fed an excess of food. 
Again, there was no infection x treatment interaction and the mother’s size does not 
significantly affect the development time of the female offspring (Table 6.5).
6.5.1.4 Survivorship
No relationship exists between survivorship and treatment, or survivorship and infection 
(Table 6.5).
6.5.2 Full investigation, 2005
6.5.2.1 Adult weight
Although there is a trend that infected females are heavier than uninfected females, this 
is not significant (Figure 6.3). The mother’s size (hindwing as proxy) does not affect the 
weight of the female offspring. Development time was found to significantly affect 
weight (ANOVA F=25.479, d.f.=l, p<0.0001). Heavier females take longer to develop. 
There is no development time x infection interaction.
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Figure 6 3  Comparison within pairs of uninfected (U) and wBoll (I) infected H. bolina lines for 
adult wet weight (U: unshaded or I: dotted). P I-8 denotes the pair. Error bars indicate ±1 s.e. 
Sample size in parenthesis above columns.
6.5.2.2 Adult size
There is no effect of Wolbachia infection on the mean wing size of female H. bolina 
(Figures 6.4 and 6.5). The effect of mother’s size on the female offspring size is close 
to, but not significant
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Figure 6.4 Comparison within pairs of uninfected (U) and wBoll (I) infected H. bolina lines for 
mean adult forewing size. Forewing measurements (U: unshaded or I: dotted) are shown. P I-8 
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Chapter six: Are direct fitness effects important in the spread o f  a male-killer?
6.5.2.3 Development time
There is no significant effect of Wolbachia infection on the development time of female 
H. bolina (Figure 6.6). The size of the mother is also not correlated with development 
time of the female offspring.
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6.5.2.4 Survivorship
There is no significant effect of Wolbachia infection on the survivorship of female H. 
bolina (Figure 6.7). The size of the mother (hindwing measurement) is also not 
correlated with the survivorship of the female offspring).
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6.5.3 Combining data from 2004 and 2005
One treatment in the 2004 study (caterpillars reared individually and fed an excess of 
food) was performed under similar conditions to that of the full investigation in 2005. In 
order to increase sample size and statistical power, the two data sets were combined.
In the combined data set, adult weight becomes significantly affected by infection. 
wBoll infected females are heavier than their uninfected counterparts (ANOVA 
F=5.753, d.f.=l, p=0.0374). Again, when development time was controlled for the 
result agreed with the findings of the separate studies, i.e. that weight increases 
significantly with development time (ANOVA F=49.979, d.f=1, p<0.0001). There was 
no development time x infection interaction with regard to weight. Infected females 
have a longer development time than uninfected females but this, although close, is not 
significant. The mother’s size has only a significant effect on development time 
(ANOVA F=7.965, d .f=1, p=0.018). There was still no effect of infection upon 
survivorship or adult size when the data sets were combined.
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6.6 Discussion
This chapter examines several physiological traits in sympatric uninfected and infected 
H. bolina matrilines from Rurutu, French Polynesia which has a high prevalence male- 
killing wBoll infection. These results partially support the findings of a previous study 
(Dyson, 2002) where in a high prevalence wBoll-//. bolina population from Fiji, direct 
benefits of infection were discovered. However, in this study although a direct fitness 
effect of infection was observed the nature of the effects -  whether beneficial, neutral or 
costly -  remains unknown.
6.6.1 Direct effects of infection
Adult wBoll infected females were found to be significantly heavier than their 
uninfected counterparts when data from both experiments (2004 and 2005) was 
combined, increasing statistical power. Development time and weight are significantly 
correlated, with longer development time producing heavier individuals. However, 
development time was not significantly affected by infection, although the trend shows 
that infected females take longer to develop. In addition, the size of the mother was 
observed to significantly affect the development time of the offspring. The larger the 
mother, the longer the offspring takes to develop.
The Wolbachia strain, wBoll, therefore appears to increase the weight and development 
time of female H. bolina, although the exact relationship is unclear as the two
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parameters are positively correlated. A genetic component -  the mother’s size -  also 
affects the development time. Increasing weight has been demonstrated to increase the 
fecundity of female butterflies (Hughes et a l, 2000). However, for reasons previously 
discussed, by increasing the time it takes for the individual to develop, a cost may be 
conferred. This results in a trade-off between development time and weight. If the 
increase in weight confers greater fitness than that is lost through developing for longer, 
overall the infection would be beneficial. It is thus not possible from this study to 
determine the level of trade off that has resulted from infection and therefore whether 
wBoll confers a benefit or cost upon H. bolina females in this population.
In contrast with the study of H. bolina from Fiji (Dyson, 2002) where both forewing size 
and survivorship, along with weight, were significantly increased in infected females, in 
both of the experiments presented in this chapter, no effect of infection on adult size or 
survivorship was observed. The difference in results may be as a consequence of 
various factors, including differing host food plants in the two populations. The age of 
the association between the host and the parasite may also have an influence. Historical 
data (Poulton, 1923a; Poulton, 1923b) and the findings presented in Chapter five suggest 
that in Fiji in the 1880s a male-killing infection was present while in French Polynesia in 
the 1920s there was no record of male-killing and no wBoll infection. An infection 
arriving in a novel host population would be unlikely to expresses fitness benefits so 
early in the interaction and thus a cost, or at best neutrality, would be observed if such a 
population were sampled.
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6.6.2 Effects of larval stress
Larval stress in the form of poor nutrition^or competition for resources does not have 
any effect on the presence of direct effects of infection in this system. However, there 
are highly significant effects of treatment, indicating that the treatments were rigorous 
and starved larvae were actually starving. As might be expected, starving the larvae 
reduced the weight and size of adults, and increased development time, whether they 
were grouped or individually reared. However, despite the effects on the weight, size 
and development time, there was no effect of diet on survivorship. The finding that 
wBoll has no influence on starvation resistance concurs with similar studies on the 
wMel Wolbachia strain in Drosophila melanogaster which causes Cl in young males 
(Harcombe & Hoffmann, 2004).
Inducing sibling competition by grouping larvae did not affect adult weight, size, 
development time or survivorship. In nature H. bolina larvae are not gregarious, 
dispersal occurring within the first week after hatching (pers. obs). Antagonistic 
interactions are therefore unlikely to be important factors in the population dynamics of 
this system.
6.6.3 Why are direct effects not more evident in H. bolina?
Male-killers are possibly the most detrimental of reproductive parasites which begs the 
question of how the symbiont responsible can be maintained in a host population at high
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prevalence. No fitness compensation has been observed in this system (Dyson, 2002), 
and this study detects no clear direct benefits of infection. As a vertically inherited 
parasite which relies on the host for survival, Wolbachia is selected to have low 
virulence on the host sex which transmits it. A lack of physiological cost on infected 
females (indicating that the bacteria has evolved to minimise the impact of its energetic 
requirements on the host) combined with near-perfect transmission rate may explain 
why Wolbachia is maintained in the host population at high prevalence but it is hard to 
see why direct benefits have not evolved more regularly in addition. It may be that the 
host biology or that of Wolbachia makes direct benefits either hard to evolve or costly to 
confer -  and this would result in species-specific findings. Generally beneficial effects 
evolve in systems where the host is nutritionally deficient, for example in aphids 
(Buchner, 1965). It is likely that H. bolina has a sufficient diet for its requirements, 
indeed uninfected populations exist in high numbers and the butterfly has adapted to 
utilise many species of food-plant. The virulence level observed is therefore a balance 
between selection for increased rate of transmission and increased (female) host fitness, 
with older associations being more likely to have evolved beneficial direct effects.
6.6.4 Problems associated with studying direct effects
Detecting direct effects of infection can be problematic as it can depend on the trait 
investigated as to whether any effect is observed. Investigating behavioural traits may 
expose an effect of infection. One trait that is commonly investigated, the production of 
eggs, would not be useful when studying male-killing symbioses due to the nature of the
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reproductive manipulation. Indeed, previous investigations often note that direct effects 
are only observed in some of the parameters measured (Fleury et al., 2000). Identifying 
factors likely to be important in the fitness of the host is therefore obviously species- 
specific. It is notable that many examples of beneficial symbionts involve the symbiont 
conferring parasitoid, pathogen or fungal resistance. The effects of Wolbachia upon 
such factors were not investigated in this study, with the consequence that potential 
benefits of infection may have been missed.
It is also apparent that it is important to control for the host genetic background. In 
Nasonia vitripennis, fecundity is increased when females are doubly infected with two 
Cl-causing strains of Wolbachia (Stolk & Stouthamer, 1996), but this effect is not 
observed when host genetic background is controlled (Bordenstein & Werren, 2000). 
Due to the nature of the H. bolina system -  with antibiotic treatment being ineffective at 
curing individuals -  the host genetic background was not controlled for in this 
investigation. As a consequence, but also due to H. bolina females being markedly 
diverse phenotypically, an effect of infection may be observed where there is none, or 
effects that are present may be masked. Small sample size may also be a factor 
disguising the presence of direct effects.
6.6.5 Future studies
Host genetic background therefore needs to be controlled in any repeat of this 
experiment. Aposymbiotic lines could be created by the effective use of antibiotics, and
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then compared to symbiotic lines of the same matriline. If any direct effects were then 
observable, future studies should involve comparisons between host populations of 
differing wBoll prevalence. It would also be interesting to discover the relationship 
between the age of the association and the level of virulence of the bacteria. However, 
in order to achieve this, the spread of the infection would need to be mapped first.
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Chapter seven: Discussion
7.1 Interactions between inherited bacteria and their hosts
The importance of inherited bacteria in the evolution of their hosts has only begun to be 
realised in the last 20-30 years. Originally considered rare curiosities, these fascinating 
bacteria are now known to be widespread and common, expressing an amazing 
repertoire of manipulations in their hosts and thus creating strong intragenomic conflict 
with the host’s nuclear genes. Inherited bacteria have been demonstrated to important in 
the evolution of host sex determination, they can change host behaviour and even 
promote host speciation. What is less understood in any detail was how, if at all, the 
host responds to these forces.
In order to investigate the host response to an inherited bacterium this thesis examined 
the interactions between the inherited bacterium Wolbachia, strain wBoll, and the 
butterfly host Hypolimnas bolina and demonstrated that the host is able to respond to the 
selective pressure exerted by the male-killing phenotype of the bacterium by suppressing 
the action and restoring production of males. This chapter summarises the findings 
presented within this thesis and discusses some wider implications.
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7.2 Summary of results
7.2.1 Natural evolution of male-killer suppression
Hypolimnas bolina populations display variation in the phenotype expressed by 
Wolbachia strain wBol 1. In Polynesia, for example, wBoll is an active male-killer with 
high efficiency yet in some Southeast Asian populations infected males are readily 
found and a 1:1 sex ratio observed when broods were reared. The cause for this 
disparity was demonstrated to be differences in the host between Southeast Asia and 
Polynesia. The host nuclear background in natural Southeast Asian populations of H. 
bolina completely suppresses the male-killing phenotype of wBoll, whereas in 
Polynesian populations the host has not evolved suppression and infected males are 
killed.
Southeast Asian H. bolina suppress the action of the male-killer rather than its 
transmission as evidenced both through the continued existence of wBoll in a non male- 
killing state in the field, and also through the continuation of wBoll following 
introgression and backcross experiments. Male survival in broods from crosses between 
infected Polynesian females and infected Southeast Asian males indicates that 
suppression acts zygotically. That only a single generation of introgression of the 
Polynesian (naturally) male-killing infection onto a Southeast Asian nuclear background 
produces male offspring demonstrates that the suppressor is dominant. A preliminary
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investigation into the genetic architecture of the suppressor suggested that one dominant 
gene or linkage group was responsible for suppression.
Historical data from the 1970s revealed that female H. bolina in some populations of 
Southeast Asia carried a male-killer (Clarke et al., 1975). Currently in these same 
populations there is no indication of male-killing action (Homett et al., 2006) and so it is 
possible that the suppressor has spread in the intervening time -  within 30-40 years.
This would therefore be a remarkable example of rapid natural selection which has not 
been brought about by anthropogenic change. The rapid loss of the male-killing 
phenotype in this study suggests that many more species than previously imagined may 
have been, at some point in their history, infected with a male-killer, even if they are 
currently not.
The finding that Southeast Asian populations of H. bolina have evolved suppression of 
the male-killing action of wBoll leads to an intriguing question: what now maintains 
wBoll in the host population? Wolbachia is known to commonly induce Cl in its hosts 
and the study moved on to determine whether the infected male hosts that now survive 
male-killing now induce CI.
7.2.2 Pluripotent Wolbachia: Cytoplasmic Incompatibility unmasked in H. bolina
Through crossing wBoll infected males from certain Southeast Asian populations to 
uninfected females it was demonstrated that a suppressed wBoll infection does indeed
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induce CL This represents the first clear evidence of a Wolbachia strain having 
pluripotence within a host species. The ability to induce Cl may have evolved in 
response to suppression or may have emerged following survival of infected male hosts. 
In order to distinguish between the two hypotheses, males carrying the Polynesian 
infection were created by introgression of the suppression gene and mated to uninfected 
females. The naturally male-killing infection from Polynesia was thus also 
demonstrated to be able to induce Cl when the male-killing suppressor was present in 
the host nuclear background. Thus Cl is an emergent property of wBoll and the 
infection is pluripotent.
As mentioned, comparisons of current and historical data from Borneo indicated that the 
suppressor may have evolved rapidly -  within the last 30-40 years. The next chapter 
presented a model that was constructed in order to determine whether a host suppressor 
of male-killing could theoretically spread within that time scale.
7.2.3 Simulating the rate of spread of a male-killer suppressor
Chapter two demonstrated that the host suppressor was dominant. Simulations 
demonstrate that a dominant host suppressor of the male-killing action of inherited 
bacteria can spread very rapidly. In a host population infected with a 80% prevalence 
male-killing infection (inferred from Borneo populations in the 1970s) (Clarke et al., 
1975) a dominant suppression gene which confers no cost to the bearer will spread to
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95% of females within 55 host generations. This equates to approximately 7-8 years 
assuming 7 generations per year (pers. obs.).
Chapter three demonstrated that the suppressed male-killer in H. bolina has the ability to 
induce CL Introducing Cl to the model alters the dynamics of suppressor spread. With 
a high initial male-killer prevalence of 80% and complete Cl expressed upon 
suppression of male-killing, the suppressor only takes 45 generations for the dominant 
suppressor to spread, instead of 55 generations when there is no Cl. The induction of Cl 
in infected males that survive male-killing (from the action of the suppressor) thus 
actually increases the rate of spread of the suppressor. In addition to this, the prevalence 
of the infection is also driven up.
For a host population with a low initial infection prevalence the dynamics of suppressor 
spread is different. Interestingly, Cl impedes the spread of the suppressor as surviving 
males are incompatible with the majority of the females in the population (as most 
females will be uninfected). Therefore although the suppressor restores production of 
males these males are of little reproductive value as they do not produce viable offspring 
in the majority of cases. Initial infection prevalence is therefore extremely important in 
the dynamics of a suppressor when the infection is pluripotent. Suppression is unlikely 
to evolve in a host population infected with a very low prevalence pluripotent bacterium. 
This feature may help explain the maintenance of low prevalence infections should those 
infections turn out to be pluripotent. Low prevalence male-killing infections are known
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to occur for example in Drosophila bifasciata (Ikeda, 1970). In this species there is no 
evidence of host suppression of the male-killing trait (Veneti et al., 2004).
A pluripotent infection therefore speeds the rate of spread of a dominant host suppressor 
of male-killing when the initial infection prevalence is high but impedes it when initial 
prevalence is low. A further variable that may impede the spread of the suppressor was 
also investigated -  a direct cost of suppression to both male and female hosts. A cost of 
suppression will not severely impede its spread if the infection is at high prevalence, 
whether it is pluripotent or not. However, at low initial infection prevalence even a 
small cost of suppression to the bearer slows the rate of spread of the suppressor. 
Pluripotence compounds this so that in a population with low pluripotent infection 
prevalence, if the suppressor has even a very small cost it will not invade the population.
The model therefore supports the historical data and the findings presented in Chapter 
two. It is theoretically possible for a dominant suppressor to spread within 30-40 years 
when the initial infection prevalence is 80%. Paradoxically, the unmasking of Cl 
following suppression of the action of the male-killer by the host actually drives the 
infection up in prevalence to near fixation. Thus both host and symbiont benefit -  the 
infection has increased in prevalence and the host receives less ‘damage’ as at near 
fixation very few incompatible crosses can occur.
Southeast Asian H. bolina populations have therefore undergone dramatic changes in the 
action and prevalence of the bacterium infecting it. Given the strength of selection
2 6 2
acting in this system, on both sides, it is likely that there are other H. bolina populations 
that have also experienced flux in its interaction with Wolbachia over time. By 
comparing past and present populations some insight into the extent of flux in this 
system can be attained.
7.2.4 Using ancient DNA to reveal flux in Hypolimnas bolina-Wolbachia associations
A comparison of historical data with current prevalence estimates reveals that male- 
killing infections may have fluctuated widely in prevalence over time. To investigate 
this further the prevalence of male-killing infections in ancient populations needed to be 
determined. Ancient DNA obtained from H. bolina specimens collected over the last 
100 years was utilised. In H. bolina the male-killer wBoll is in linkage disequilibrium 
with mitochondrial haplotype one and therefore by scoring the frequency of mitotype 
one in ancient populations, the prevalence of wBoll can be estimated. This chapter first 
revealed that the association between wBoll and mitotype one is the same in past 
populations as today by studying Simmonds’ Fijian lineages for which breeding data 
exists. Once this was established further populations were investigated for mitotype 
frequency and thus prevalence of the wBol l male-killer.
In the six populations studied, remarkable variation in flux was observed. The male- 
killing wBoll strain in Independent Samoa remained at extreme prevalence for over 80 
years yet in Viti Levu, Fiji a high prevalence wBoll male-killer decreased in prevalence 
within the same time period. Loss of the wBoll male-killing infection was observed in 
American Samoa, while in both Tahiti and Ua Huka in French Polynesia wBoll has
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invaded and spread to high prevalence. Ancient samples from Borneo and Hong Kong 
in Southeast Asia provide evidence that the wBoll infection was present at the beginning 
of the 20th century at similar prevalence to now. However, due to a lack of available 
ancient male samples mitotype data cannot reveal whether this infection caused male- 
killing in the past. If no ancient males had mitotype one while mitotype one was at high 
prevalence among ancient females then we could infer that the wBoll infection caused 
male-killing, unlike today.
A second male-killing Wolbachia strain, wBoB, is present in some current populations 
(Tahiti, French Polynesia and Viti Levu, Fiji: Duplouy & Charlat pers. comm.) and 
demonstrated in this thesis to have been present in these same populations in the past. 
wBol3, unlike wBoll, is not in tight linkage disequilibrium with a mitotype - wBol3- 
infected butterflies only cany haplotype six but not all butterflies carrying haplotype six 
are infected with wBol3. Because of this, it was not possible to accurately determine 
prevalence flux for this male-killer as for ancient samples breeding data indicating the 
male-killing phenotype was not always available. Similarly, another Wolbachia strain, 
wBol2, is known to be present currently in American Samoa, but due to a lack of 
association of this infection with mtDNA, its prevalence in ancient populations, and 
therefore its flux, remains unknown.
The main result of this thesis is that the H. bolina-Wolbachia association is surprisingly 
dynamic. The host is able to respond to the wBoll infection by rapidly evolving 
suppression of its male-killing action. Surviving infected males that have inherited the
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suppressor are then observed to induce Cl -  host suppression has inadvertently switched 
the phenotype of wBoll to CI. In addition, flux in prevalence and incidence of wBoll is 
observed in many host populations over relatively short periods of time.
This dynamism may help explain the lack of adaptation, save suppression, of H. bolina 
to the male-killer. Co-adaptation is less likely to occur in a rapidly fluctuation 
association as there is not enough evolutionary time for one party to respond to the other 
before the dynamics have altered. This chapter has demonstrated that it is hard to 
predict with any accuracy the trajectory a particular H. bolina -  Wolbachia association 
will have. A high prevalence male-killing infection may decrease in prevalence yet still 
be maintained (as in Viti Levu). Alternatively it may be lost altogether (as may have 
happened in American Samoa) or be maintained or even increase in prevalence 
(Independent Samoa and Borneo). It is likely that the presence of other strains influence 
the flux observed, indeed Viti Levu is also infected with a second male-killer, wBoB, 
and American Samoa with the enigmatic strain wBol2. Thus, competition between 
strains may be one explanation for the flux seen, and its variable trajectory. Overall 
however, the amount of flux observed in this interaction is likely to be a consequence of 
many factors: competition between strains, population size, the migratory behaviour of 
H. bolina, the drive associated with the phenotype expressed by the Wolbachia strain 
and the consequential selective pressure this has on the host.
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7.2.5 What is driving the male-killing wBoll infection?
There is currently no obvious drive for male-killing infections in H. bolina. No 
evidence for an indirect benefit has been found and previous studies investigating direct 
benefits of infection were inconclusive. Chapter six therefore questioned whether the 
male-killing wBoll infection confers direct effects upon female H. bolina. Partially 
supporting previous findings from a Fijian H. bolina population (Dyson, 2002), direct 
effects of infection were demonstrated in the population studied here from Rurutu, 
French Polynesia. Adult infected females were determined to be significantly heavier 
than their uninfected counterparts although this may in part be due to an effect of 
development time. Development time was not significantly correlated with infection 
although infected females often took longer to develop. The exact relationship between 
variables and infection status remains unclear as a genetic component -  the mother’s 
size -  was also observed to significantly affect the development of the offspring.
Increasing weight would be beneficial to female butterflies as this would increase the 
amount of resources that the female can allocate towards egg production -  hence 
increasing reproductive fitness (Hughes et al., 2000). This would thus also be beneficial 
to the inherited bacterium. Increasing development time in itself may not be beneficial 
as this may increase any risk associated with being in the larval stage of development. It 
is possible that a trade-off occurred between a benefit of increasing weight with a cost of 
longer development if this was only pathway available to the bacterium in increasing the 
weight of the female. The level of cost and benefit is unknown in this system although
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if further experiments demonstrate conclusively that both weight and development time 
are increased in infected females then we could infer that overall the infection confers a 
direct benefit.
No effect on adult size or survivorship was observed in these experiments. This 
contrasts with Dyson’s study of Fijian H. bolina (Dyson, 2002) and may indicate that the 
two populations differ in some way. One possible explanation is that the association in 
the two localities differ in age. Historical data suggest that Fijian populations were 
infected with a male-killing infection as early as the 1880s (Poulton, 1923b). French 
Polynesian populations in contrast show no evidence of a male-killer as late as the 1930s 
(Poulton & Riley, 1928). Novel associations may not have had enough time to evolve 
beneficial direct effects.
The results from this chapter therefore do not clearly demonstrate any clear direct 
benefit of infection and so the problem of what drives the wBoll male-killer remains 
unresolved. It is clear however, that whatever the driving force is, it is of a large 
magnitude as wBoll has been observed to invade a population and quickly spread to 
high prevalence (e.g. in Tahiti, French Polynesia). This then creates a conundrum: if the 
driving force is so large, then why is it as yet undetectable? An important part of future 
studies of this system is to determine the drive because this may shed some light upon 
the reasons for the large flux in prevalence observed in this system.
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7.3.2 Future trajectory of the suppressor
We now have some knowledge of the H. bolina-wBo\\ interaction in the recent and 
ancient past. Does this knowledge allow some prediction of the future for the 
interaction? Some H. bolina populations in Southeast Asia which were infected with 
high prevalence male-killing wBoll evolved suppression of the action. Other 
populations in the South Pacific are currently known to be infected with the same 
Wolbachia strain also at high prevalence but in these populations male-killing is still 
evident and no suppressor has evolved. Hence the suppressor has not spread into and 
through these South Pacific populations.. .yet. But what is the future trajectory of the 
suppressor? Given the rate of spread of the suppressor within a population, and the 
highly migratory nature of H. bolina, it is possible that the suppressor will spread to all
H. bolina populations infected with male-killing wBoll within only short amount of time 
and the male-killing phenotype in this butterfly host will be eliminated (but only where 
the sole male-killer infecting the population is wBoll). wBoll to future observers will 
be regarded as a Cl-inducing bacterium, and without any knowledge of the work 
conducted here, are likely to not acknowledge its male-killing past.
That is one possible trajectory. An alternative trajectory involves a consideration that 
wBoll may respond to the host in turn -  exemplifying the classic parasite-host model of 
co-evolution and the Red Queen hypothesis (Van Valen, 1973). The host suppressor to 
male-killing action spreads through the wBoll-infected H. bolina populations of the 
world as before. wBoll in suppressed populations now induces Cl and thus the infection
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is driven up in prevalence to near fixation. However when Cl-inducing wBoll 
infections reach high prevalence they have reduced drive as very few or no uninfected 
host females remain in the population. When at fixation, therefore, there is no longer 
selection upon wBoll to induce Cl and so a modifier may be selected for in the 
bacterium that restores the male-killing phenotype. I.e. in a host population infected 
with a high prevalence Cl-inducing bacteria, there may be selection for a modifier to 
create a new male-killing infection. This new male-killing Wolbachia isolate is 
theorised to spread as it firstly benefits from the continued action of its Cl-inducing 
counterparts who continue making uninfected female hosts infertile. In addition 
however, a new male-killer also has the benefits associated with killing males 
(conferring fitness compensation etc.). This new male-killer will spread through the 
host population following in the wake of the host suppressor of male-killing (Hurst et 
al., 2002).
What is known currently of the dynamics of the H. bolina-Wolbachia association is that 
following the spread of a male-killing wBoll infection through H. bolina came the 
spread of a host suppressor of male-killing action. In the future, taking the same 
geographical route to that of the host suppressor, a new male-killing wBoll strain may 
spread. Therefore across the geographical range of H. bolina observers may record the 
presence of two phylogenetically similar male-killing Wolbachia strains with a third 
similar Cl-inducing Wolbachia strain in the middle.
The involvement of the second male-killing strain in H. bolina, wBol3, in the future 
trajectory of wBoll is unclear. Whether there is competition between the two strains 
remains unknown. Indeed, where wBoll becomes suppressed wBol3 may thrive, 
making male-killing still evident in H. bolina. It is possible that in populations that are 
infected with both male-killers, suppression will not spread so readily. This awaits 
formal modelling. In populations that are infected with both strains wBoll is likely to be 
maintained at lower prevalence -  a factor that does impede the spread of the suppressor, 
especially given the pluripotence of wBol 1. As wBol3 has only recently been 
discovered, there are many unanswered questions regarding its dynamics and interaction 
with H. bolina. Is it possible that it is suppressed in some H. bolina populations? Is it 
an older or younger infection than wBoll? Is wBoB pluripotent? It is clear that in order 
to fully understand the future for wBoll, wBol3 needs to be examined in detail.
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7.3 Wider implications
The findings presented in this thesis have wider implications in three main spheres.
7.3.1 What is the mechanism of suppression?
This thesis has established that the male-killing action of wBoll drove the evolution of a 
host suppressor. But what is the suppressor? So far this investigation indicates that the 
suppressor is a zygotically acting dominant gene and that suppression acts against the 
action of the male-killer rather than the transmission indicating interference with the 
mechanism of male-killing. The mechanism of male-killing is however unknown at 
present and so one can only hypothesise as to how the suppressor might do this. Should 
the nature of the suppressor gene be discovered then this may in the future lead 
indirectly to the discovery of the mechanism of male-killing.
There are three possible methods in which the suppressor could alter the action of the 
male-killer. Firstly, should male-killing be associated with the release of a male-specific 
toxin then the suppressor may involve the secretion of an antitoxin. Assuming the same 
male-killing mechanism (a toxin), a second suppression method may be to make a 
genetic or physical change in the binding site of the toxin, thereby stopping its function. 
Alternatively, host suppression may be associated with alterations in sex determination. 
In order to kill males the bacterium must be able to ‘recognise’ males in some fashion. 
Therefore if the host altered the way in which males were created, or some aspect of
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‘maleness’, then the male-killer would no longer be able to recognise and therefore kill 
males.
This last possible method of evading male-killing is very interesting as it would indicate 
that Wolbachia can drive a specific part of the host’s evolution -  the sex determination 
pathway. This has been demonstrated in other systems, for example in the woodlouse 
Armadillidium vulgare where Wolbachia causes the feminisation of genetic males. In 
this case, as before mentioned, Wolbachia-driven host evolution leads to Wolbachia 
itself being the female determinant -  infected individuals are females and uninfected 
individuals’ males (Dunn et al., 1995). Further investigation of the H. bolina system 
may demonstrate that the host responds to selection pressure induced by a male-killer by 
altering its own sex determination in order to evade the action of the male-killer.
Determining the method of suppression in H. bolina, and hence gaining insight into the 
mechanism of male-killing itself is a very interesting investigation for the future.
Finding the suppression gene will first require isolation of neutral markers that are 
closely linked to the suppression gene. Mating Moorean (Polynesian) females (which do 
not carry the suppressor) with Southeast Asian males (which do carry the suppressor) 
will produce FI that are Moorea/Southeast Asian hybrids. All hybrid offspring from this 
cross will be heterozygous for the suppressor and hence all males will survive. Male 
hybrids from this cross can then be mated to Moorean females. This reintroduces 
Moorean nuclear DNA which does not contain the suppressor. Of the resulting F2 
offspring only 50% will carry the suppressor. Thus, only 50% of the male offspring will
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survive. Markers (such as AFLPs) that are present in the hybrid parent, in 50% of 
female offspring, but in more than 50% of male offspring, will therefore be linked to the 
suppressor. The excess of the marker in males indicates the recombination distance of 
the marker from the suppressor: if 75% of the males have the marker it is linked with a 
recombination distance of 25% but if all male offspring carry the marker, that marker is 
tightly linked to the suppressor. Male hybrids are used in the above cross as 
recombination only occurs in male Lepidoptera.
Once closely linked AFLPs are found, a BAC library (of 120kb fragments) can be 
created from H. bolina DNA (preferably from Southeast Asian individuals). Southern 
hybridisation is then employed to identify the BAC fragment in which the suppressor- 
linked AFLP is located. Once this fragment is identified the end sequences of that BAC 
fragment can be used as probes in further hybridisation to identify contiguous BAC 
fragments. By repeating this, a tile of BAC fragments approximately 1Mb in length in 
total can be created, which should (with luck) contain the suppressor. The BAC 
fragments can then be mixed, sheared into 2kb fragments and made into a shotgun 
library. The shotgun library can then be sequenced, and the continuous sequence of the 
BAC tile reconstructed using standard bioinformatic methods. A BLAST search and 
ORF finding procedures can then be performed on this sequence -  comparing it with 
eukaryote genomes in order to identify candidate genes.
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7.3.2 Functional link between Cl and male-killing
Theory predicts that Cl should degrade by selection or mutation in populations where Cl 
is not expressed (Hurst & McVean, 1996). Thus, the continued ability of male-killing 
strains to express Cl is notable. There are two possible explanations why Cl may not 
have degraded in this system: the association is not old enough for decay to have 
occurred, or there is a functional link between the two phenotypes. The data in Chapter 
five makes the ‘low time since invasion’ hypothesis tenable. However there is also the 
strong possibility that the mechanisms of male-killing and Cl are linked.
Further investigations into the mechanism of both male-killing and Cl are needed 
however before any real suggestions of die link are made. It is notable that the 
discovery of a pluripotent Wolbachia may have severe repercussion in comparative 
genomics studies, because we can no longer assume that one strain of bacteria has one 
phenotype and hence a unique genotype.
7.3.3 The success of Wolbachia
The discovery of a pluripotent Wolbachia may also shed light on the reasons for the 
success of Wolbachia. Wolbachia are particularly common within and among species of 
arthropods and this had long been attributed to its ability to manipulate its host and 
expresses different phenotypes in different hosts. By being pluripotent Wolbachia is 
able to avoid elimination from the host population following host suppression as it is
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able to respond rapidly by being able to simultaneously express more than one 
phenotype.
A high prevalence male-killing infection runs the risk of extinction by biasing the host 
sex ratio too far for the host to successfully reproduce (although if vertical transmission 
is not perfect or some horizontal transmission is present then fixation of male-killer can 
occur without extinction). However it also creates strong selection on the host to 
suppress its action which would actually benefit the bacterium as it induces Cl which 
drives up the infection prevalence without the risk of extinction. Pluripotence therefore 
allows high prevalence infections to persist, increasing the incidence of the infection.
At low initial prevalence however, a host suppressor does not spread as the Cl induced 
by surviving infected males inhibits it. Infected males cannot produce offspring with the 
majority of females in populations because most females are uninfected. As mentioned 
previously, the inability of a host suppressor of male-killing to spread through host 
populations infected with a low prevalence pluripotent bacterium may explain the 
continued maintenance of low prevalence infections in some hosts.
It is likely that pluripotence allows the wBoll infection to be maintained in the host 
population for a longer time before extinction than if the infection solely killed males. A 
consequence of pluripotence is therefore that pluripotent infections will last longer and 
hence be observed more i.e. the incidence of these inherited bacteria will be increased. 
But just how common are pluripotent bacteria? Why is it only now in this thesis that
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strong evidence of pluripotence has been provided? Following Sasaki et al., (Sasaki et 
al., 2002) more transinfection experiments may reveal the true extent of pluripotent 
bacteria. One possible experiment would be to trans-infect H. bolina with wPip -  a 
close relative of wBoll which induces Cl in its natural mosquito host, Culex pipiens 
(Ghelelovitch, 1952). If this strain was pluripotent it could be hypothesised that wPip 
would cause male-killing in H. bolina as it is a novel host which would not have evolved 
suppression to it. Microinjection is a demanding method -  large death rates often 
accompany such experiments. This may explain to some extent the lack of evidence of 
pluripotence. Hypolimnas bolina is thus an exceptional study system due to the 
variation in action of wBoll -  it provides evidence of pluripotence without the need for 
transinfection.
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7.4 Conclusion
The interaction between Wolbachia and H. bolina demonstrates that the host does indeed 
have the ability to respond to the selective pressure exerted by an inherited bacterium. 
Rapid changes in prevalence and action of the bacterium over time are observed 
indicating that the relationship is highly dynamic. In the recent past wBoll appeared to 
have the “upper hand” by spreading to high prevalence in many populations. The host 
was able to respond and host suppression of the male-killer did indeed stop the 
bacterium killing males. However, this was immediately countered by the bacterium 
which could express a second phenotype, Cl -  an ability that was emergent rather than 
evolved. At high prevalence Cl is less virulent to the host than male-killing. However, 
male-killing may readily at this point evolve and spread again in the same population. 
The host therefore may always be at the mercy of the incessant bacteria. In this system, 
instead of a ‘Red Queen5 cycle, has Wolbachia got H. bolina permanently on the run... ?
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Appendix: Molecular techniques and 
information
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A .l DNA extractions
A. 1.1 Wizard® Genomic DNA Purification Kit
(protocol: Isolation of DNA from animal tissues):
1. Prepare tissues:
i. Cut abdomen off of fresh/thawed individual with a sterile scalpel blade (use a 
different one for each individual).
ii. Cut tip off of abdomen and place in a clean, dry 1.5 pi tube and label with 
individuals ID and date. Air dry or place on a hot block to remove ethanol.
iii. Place the other section of the abdomen/rest of body in another 1.5pl tube and 
label with individuals ID and date. Store in a -70 freezer.
iv. Add 600pi chilled Nuclei Lysis Solution (from kit) to each tube*, and 
homogenise for 10 seconds (using tool)
v. Incubate at 65°C (water bath) for 15-30 minutes
2. Lysis and protein preparation:
i. Add 3pl RNase Solution (from kit) to each tube and mix
ii. Incubate at 37°C for 15-30 minutes. Cool to room temperature
iii. Add 20pl Protein Precipitation Solution to each tube
iv. Vortex and chill on ice for 5 minutes
v. Centrifuge at 13,000-16,000 x g  (max speed) for 4 minutes
3. DNA precipitation and rehydration:
i. Transfer supernatant to a fresh tube containing 600pl room temperature 
isopropanol (not in kit)
ii. Mix gently by inversion
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iii. Centrifuge at maximum speed for 1 minute
iv. Remove supernatant and add 600pl room temperature 70% ethanol
v. Mix gently by inversion
vi. Centrifuge at full speed for 1 minute
vii. Aspirate the ethanol and air-dry die pellet for 15 minutes
viii. Rehydrate the DNA in lOOpl DNA Rehydration Solution (from kit) for 1 hour 
at 65°C or overnight at 4°C (in the fridge)
A. 1.2 Qiagen QIAmp® DNA Micro kit
(protocol: Isolation of Genomic DNA from tissues):
1. Preparation:
i. Prepare buffers AW1 and AW2 by adding 25ml and 30ml of 96% ethanol 
respectively
ii. Add 3 lOpl Buffer AE to the tube containing 3 lOpg lyophilised carrier RNA to 
obtain a solution of lpl/pg. Divide into conveniently-sized aliquots and freeze 
at -20°C. Do not freeze-thaw more than 3 times
iii. Wash leg samples externally by adding 200pl sterile H20 and inverting tube 
several times
iv. Transfer butterfly leg to a new labelled 1.5ml micro-centrifuge tube
v. Place tube in a vat of liquid Nitrogen for 30 seconds to snap-freeze tissue and 
then carefully remove using forceps
vi. Immediately grind leg in tube using micropestie, leave pestle inside tube
2. Procedure:
i. Whilst tissue is still frozen, add 180pl Buffer ATL, rinsing traces of tissue off 
of the pestle
ii. Equilibrate to room temperature (15-25°C)
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iii.
iv.
v.
vi.
vii.
viii.
ix.
x.
xi.
xii.
xiii.
xiv.
xv.
xvi.
Add 20jxl Proteinase K and mix by pulse-vortexing for 15 seconds
Place the 1.5ml tube on a hot block pre-heated to 56°C, and incubate overnight
until sample is completely lysed
Add lpl carrier RNA/Buffer AE solution to 200pl Buffer AL, and then add this 
to the sample. Mix by pulse-vortexing for 15 seconds. Ensure a homogeneous 
solution
Add 200pl ethanol (96-100%). Mix by pulse-vortexing for 15 seconds. 
Incubate for 5 minutes at room temperature (15-25 °C)
Briefly centrifuge the tubes to remove drops from the inside of the lid 
Carefully transfer the entire lysate from step vii to the QIAmp MinElut Column 
without wetting the rim, close the lid and centrifuge at 6000 x g (8000rpm) for 
1 minute
Place the column in a clean 2ml collection tube, and discard the collection tube 
containing the flow-through
Carefully open the column and add 500pl Buffer AW1 without wetting the rim 
Close the lid and centrifuge at 6000 x g (8000rpm) for 1 minute 
Place the column in a clean 2ml collection tube, and discard the collection tube 
containing the flow-through
Carefully open the column and add 500pi Buffer AW2 without wetting the rim. 
Close the lid and centrifuge at 6000 x g (8000rpm) for 1 minute 
Place the column in a clean 2ml collection tube, and discard the collection tube 
containing the flow-through
Centrifuge at full speed for 3 minutes to dry the membrane completely 
Place the column in a clean 1.5ml micro-centrifuge tube and discard the 
collection tube containing the flow-through. Carefully open the lid of the 
column and apply 25pi Buffer AE to the centre of the membrane 
Close the lid and incubate at room temperature (15-25 °C) for 5 minutes. 
Centrifuge at full speed for 1 minute
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A.2 Polymerase Chain Reaction (PCR)
A.2.1 PCR reaction mixture
All PCR assays were performed on a MJ Research, Inc. PTC-100 machine. Cycling 
conditions and primers are specific to the particular assay and are detailed below. All 
reactions were 20pl unless otherwise stated, and contained the following:
- 12.02 pi H20
- 4pi 5x buffer (GoTaq: including MgCl2)
1.6pl dNTPs (each dNTP 0.25mM stock solution)
- 0.65pi forward primer (20pmol/pl stock solution)
- 0.65 pi reverse primer (20pmol/pl stock solution)
- 0.08pl taq Polymerase (GoTaq: 5 units/pl)
1 pi template DNA
The reagents were added to make a master mix, and 19pl aliquoted out into each of the 
required number of 0.2ml tubes before the template DNA was added. Alongside the test 
reactions, a negative (no template DNA added), and a positive (containing template 
DNA with known positive result) control were amplified. The negative control is useful 
to discount any artefact that may appear, and the positive control is used to test that the 
PCR amplifies the target sequence.
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A.2.2 Assay for B-group Wolbachia presence
The Wolbachia surface protein wsp gene was amplified using primer pair 81F/522R 
which amplifies the wsp gene in B-group Wolbachia only (Zhou et a l, 1998). PCR 
conditions can be found in Table A .l.
Step Action Temperature (°C) Time
1 Initial denaturation 94 2 minutes
2 Denaturation 94 23 seconds
3 Primer annealing 55 1 minute
4 Extension 72 50 seconds
5 34 times to step 2 NA NA
6 End NA NA
Table A .l PCR conditions for detecting general and B-group Wolbachia presence. NA = not 
applicable.
A.2.3 Assay for A-group Wolbachia presence
The ribosomal subunit 16SA in A-group Wolbachia was amplified using the primer pair 
16SAF/16SAR (Werren et a l, 1995b). PCR conditions can be found in Table A.2.
Step Action Temperature (°C) Time
1 Initial denaturation 94 1 min. 40 seconds
2 Denaturation 94 22 seconds
3 Primer annealing 55 1 minute
4 Extension 72 40 seconds
5 34 times to step 2 NA NA
6 End NA NA
Table A.2 PCR conditions for detecting A-group Wolbachia presence. NA = not applicable.
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A.2.4 Assay for general insect presence
The mitochondrial cytochrome oxidase gene, subunit one: COI was amplified using the 
primer pair COIF/COIR (Brunton & Hurst, 1998). PCR conditions can be found in 
Table A.3.
Step Action Temperature (°C) Time
1 Initial denaturation 94 2 minutes
2 Denaturation 94 25 seconds
3 Primer annealing 53 45 seconds
4 Extension 72 50 seconds
5 34 times to step 2 NA NA
6 End NA NA
Table A3  PCR conditions for detecting general insect presence. NA = not applicable.
Later COI was amplified using the primer pair HCO/LCO (Folmer et al., 1994) as this 
yielded better results. PCR conditions can be found in Table A.4.
Step Action Temperature (°C) Time
1 Initial denaturation 94 1 min. 30 seconds
2 Denaturation 93 15 seconds
3 Primer annealing 47 1 minute
4 Extension 72 1 minute
5 34 times to step 2 NA NA
6 End NA NA
Table A.4 PCR conditions for detecting general insect presence. NA = not applicable.
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A.2.5 Primer sequences
Assay Primer
name
Sequence (5’-3’) Reference
B-group wsp% 1F TGG TCC AAT AAG TGA TGA AGA AAC (Zhou etal ,
Wolbachia wsp522R ACC AGC TTT TGC TTG ATA 1998)
wsp gene
A-group 16SAF TTC GGC CGG GTT TCA CAC AG (Werren et
Wolbachia 16SAR TAA GGG ATT AGC TTA GCC TC al., 1995b)
16S subunit
General insect COIF GGA TCA CCT GAT ATA GCA TTC CC (Brunton &
(DNA quality) COIR CCG GTA AAA TTA AAA TAT AAA CTT C Hurst, 1998)
mtDNA COI
General insect HCO TAA ACT TCA GGG TGA CCA AAA AAT CA (Folmer et
mtDNA COI LCO GGT CAA CAA ATC ATA AAG ATA TTG G al., 1994)
Ancient DNA 71F GTR GAA AAT GGA GCA AC This thesis
mtDNA COI 268R CTC ARA YAA ATA ATG GTA TTT CAT CAA
Table A.5 Primer sequences used in PCR assays
A.2.6 Agarose gel electrophoresis
PCR products were visualised using horizontal agarose gel electrophoresis. A 1% 
agarose gel was made using lx  TAE buffer and agarose powder. Ethidium bromide was 
added as required, after the solution had cooled sufficiently. Bromo-phenol-blue loading 
buffer was added (amount: 10% of the volume of the PCR product) to each PCR product 
before loading on to the gel. PCR products were assessed in comparison to the A.-DNA 
size marker also loaded alongside, which had been digested with BamRl, EcoRl, and 
Hindlll. The gel was run in lx  TAE buffer for 25 minutes at 85 V. Bands, if present, 
were visualized under UV light and a photograph taken of the results.
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A.3 PCR purification
A.3.1 Millipore Amicon® Microcon®-PCR Centrifugal Filter Device
1. Place column in a labelled 1.5ml microcentrifuge tube, purple side upwards
2. Pipette 400pi ddH20  into top of each column
3. Add lOOpl PCR product into the 400pl H20  in the column (if smaller volume 
PCR product to be purified, adjust volume of ddH20  added in step 2 so that 
final volume is 500pl)
4. Seal with cap, or leave open
5. Place in centrifuge, making sure counterbalanced. Spin at 3.2rpm for 15 
minutes (1000 x g)
6. Take column out of tube and place in to new labelled 1.5ml tube
7. Add 20pl ddH20  onto membrane (without touching it) and leave for a couple 
of minutes
8. Invert column in tube
9. Place in centrifuge and spin at 3.2rpm for 2 minutes (1000 x g)
10. Discard column
11. Seal tube and store at -20°C
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A.4 Calculation of DNA concentration
In order to estimate the concentration of the DNA in the purified PCR product, 2 pi of 
the purified product (or lOpl of unpurified product) was run out on a 1% agarose gel in 
TAE against a quantification standard, MHindlll (50ng/pl). 5 pi of this ladder was 
loaded to the left of the PCR products, and lOpl loaded to the right. Upon visualisation 
under UV light, the amount of DNA present in the PCR product bands could be 
estimated from comparing their brightness and thickness to that of the bands in the 
ladder.
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